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In this Issue 




There's b good chance that many of the mechanical parts ofthe products you 

tiSGr such as your car or your office printer^ began their existence as solid mod- 
els m e 3D computeraided design (CAD) system. 3D solid modeling systems 
provide geometric models that can be translated into instructions for rapid part 

prototyping, injection moldmaking, or numencally controlled machine tool oper- 
ation. Such systems, both commercially available and manufacturer-proprietary, 
are now undergoing rapid evolution, and mechanical designers are enjoying 
unprecedented and rapidly increasing productivily, However, most current sys- 
tems are stilJ history-hased, meaning that if the designer doesn't have in-depth 
^* knowledge of the underlying solid modeling technology or doesn't thoroughly 
understand the history of the design, even seemingly trivial changes made to the model may have unan- 
ticipated side effects. In contrast, HP Precision Engineering SolidOesigner (PE/SolidOesigner) is an ad- 
vanced 3D solid modeling CAD system based on dynamic modeling technology. As explained m the ar- 
ticle on page 6, dynamic modeling removes any dependencies on history and eliminates the need to 
anticipate future changes, so that local geometry and topology changes can be made easily. When a 
change is made, a tool body is created and then transformed to the appropriate position. A Boolean op- 
eration between the original model and the tool body results in the desired change. The HP PE/Solid- 
Designer user interlace (page 14) is designed to make the system easy to use for both experts and first- 
time or occasional users. Internally, action routines representing commands interact with the user 
interface objects through a "personality"; this architecture makes it easy to change the user interface 
without changing the command syntax. To a computer, a 3D solid model is a highly complex data struc- 
ture, HP PE/SolidDesigner'sdata structure manager (page 51), which has many of the characteristics of 
an object-oriented database, supports the data manipulation requirements of the solid modeling pro- 
cess, including the ability to slice the model into manageable packages that can be sent around the 
world, for example to subcontractors. Because HP business partners and customers may use other solid 
modeling systems instead of or in addition to HP PE/Solid Designer, HP participates in international data 
exchange standardization efforts, most notably STEP, the Standard for the Exchange of Product Model 
Data. HP PE/SolidDesigner can import and export both surface and solid STEP data files. It can also im- 
port IGES (Initial Graphics Exchange Standard (surf ace and wireframe data files, and can import data 
flies from its predecessor, the HP PE/ME30 3D CAD system. Data exchange is the subject of the article on 
page 35, Freeform surfaces are often needed in solid model creation, and HP PE/SolidDesigner provides 
two methods for creating them: blending^ or edge rounding, and lofting, The article on page 24 describes 
the many subtleties of the sophisticated algorithm used for variable-radius blending. Complex combina- 
tions of convex and concave edges are blended predictably and reliably — a difficult design challenge. 
The article on page 61 tells how the product's geometric kernel implements lofting using a single-data- 
type geometric interface and a hybrid, multiple-data-type internal implementation. The lofting functional- 
ity features a clever analytic surface detection algorithm. The Boolean operations used to effect model 
modifications are implemented in the system's topology kernel, called the "Boolean engine." The article 
on page 74 explains the Boolean engine's complex algorithms in simple terms. Much of HP PE/ 
SolidDesigner is written in the Common Lisp programming language, which is also included in HP PE/ 
SolidDestgner as an extension and customization language for users I page 69). 

The microwave signals that ride our airwaves today are likely to have much wider bandwidths than 
those of yesterday. Spread spectrum techniques, increasingly used in radar systems and satellite and 
terrestrial communications systems, trade increased bandwidth for benefits such as increased noise 
immunity, lower power density, or increased security. The spectrum analyzers traditionally used to ana- 
lyze microwave signals aren't up to the job of extracting all of the information from modern microwave 
signals because they don't have the bandwidth and don't reveal pulse, phase, or time-varying behavior. 
The HP 7091OA wide-bandwidth receiver is designed to fill this need. It combines the attributes of a 
microwave receiver, including wider bandwidths and demodulation capability, with the strengths of a 
microwave spectrum analyzer, which include low internal noise, amplitude measurement accuracy, and 
wide frequency tuning with synthesizer accuracy and fine resolution. The HP 70910A wide-bandwidth 
receiver consists of two components; the HP 7091 OA RF module and the HP 7091 1 A IF module. The IF 
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module provrdes the functiDns usyally associated with a microwave receiver, such as intermediate fre- 
quencv Uf) bandwidths from tO to IDO MHz and pulse detection. It also offers options for FM demodula- 
tion, 70-megaherti IF output, and I- II output |the type of modulation used in digital communications sys- 
tems). The I'Q option can be used with a dual-channel vector signal analyzer such as the HP 8941 OA to 
extend the analyzer's bsncfwidth and frequency range. The two most common HP 7091 OA configtiraiions 
operate over a frequency range of 100 hertz to 26.5 gigahertz. The design of the HP 70910A wide-band- 
width receiver and that of its RF module are described in the article on page 30. The IF module design, 
featuring variable-bandwidth, synchronous fifters with tapped-cepacitor, varactor-tuned resonators, is 
described in the article on page 39. 

A cotor printer is typically used for a variety of documents, from simple black text pages that take a few 
seconds to print to color graphics pages that take several minutes. If you're the printer's designer, how 
do you measure how many pages per minute it will print so that you can judge the effects of design 
changes on a users perception of its speed? The designers of the HP DeskJet 1600C printer considered 
the simpie average and the simple weighted average, but rejected them in favor of the log weighted 
average. The article on page 104 tells why. 

R.P. Dolsn 
Senior Editor 



Cover 

A solid model created and displayed using the HP Precision Engineering SolidDesigner 3D solid model* 
ing system. 



What's Ahead 

The December issue will have ten articles on aspects of HP's implementatron of the Open Software 
Foundation Distributed Computing Environment (OSF DCE). There will also be articles on the design of 
the HP Series 50 T fetal teiemetry system and the HP HSMS-2850 zero bias diode for radio frequency 
i d e nti f i c ati o n a p p 1 i c atio n s. 
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HP PE/SolidDesigner: Dynamic 
Modeling for Three-Dimensional 
Computer- Aided Design 

In most solid modeling CAD systems, knowledge of the history of the 
design is necessary to avoid unanticipated side-effects when making 
changes. With dynamic modeling, local geometry and topology changes 
can be made independently of the model creation at any time, using both 
direct and dimension-driven methods, The core components enabling 
dynamic modifications are the tool body and the relation solver 

hy Klaus -Peter Fahlbusch and Thomas D. Roser 



IIP Precision Knjlincering SolidDesigner ([*f]ASol id Designer) 
is a '3D solid nioileiing design system based on live AClb* 
K*?mel (see "About Kernels** on next page). It provides Ihe 
geometxir model needed liy ciesigii worligronjjs in produet 
development en\'irunitienly. The system's dy nam ir modeling 
tecJuiology gives tiie rlesigner the freedom to incoi^)i)ra(e 
cliaiiges at any time ami at ;iny stage of product develojimenl, 
without dependence on the histoiy of the product design. 

HP PE/SolidDesigner is a tnentber of the HP Precision Engi- 
neering Syslenis (PE/Syst,ems) product ftunily. Today. HI* 
PE/Sy stems consists ol': 

• HP PE/SolidDesigner for solid modeling 

• IIP PE/MEIO for 2D design, d raiting, and documentation 

• HP PE/ME:J(^ for 3D design 

• HP PE/SmfaceSti^^ler, sa\ engineering styling application m- 
tegratetl with IIP PE/SoUdDesigner 

• HP PPVSheet Advisor, a siieet-metal design-for-nianidactur- 
abiiity appiJcation 

• HP Pl^yWorkManager for product data and workJlow 
management 

• HP PE/DDS-C for electrical system design 

• HP PE/Complementar>' Application Prograjn (C.'VP), a joint 
reseaix h and developmeni ii\\d marketing program that pro- 
vides IIP PE^'Systems users with ae<"esy to more than 200 
leatting apphcations from 70 companies, 

HP PE/SolidDesigner 

IIP PE/SolidDesigner makes it easy for designers to move to 
3D solid modeling. It siip|3orts the coexistence of smface 
data with solid data and provides the ability to import and 
modify siuface tmd sohd design data from a variety of CAD 
systems. It ^dso offers new^ modeling functionjdity and en- 
hanced ease of use, 

Using improved IGES flnitial Graphics Exclmnge Standard } 
import cat>ahility, botii surface jmd wircfran^e data ctui be 
ijupoited. Surface flara aitd solid tlata caai also l>e importefl 
and expoitetJ using the STEP { Stmidaid for the Excluuige of 
Pi^oduct Model Data) fomiat. Once imported, this data cai\ 
coexist with HP l^E/SoiidDe signer solid data. It can be 
loaded, saved, positioned, caught to (see footnote on 



page 15), managed as part and assembly stmctures. deleted^ 
and used to create solids. Attributes such as color can be 
modified. If the set of surfaces is closed, HP PE/SoUdDe- 
signer will create a solid from Uiose surfaces automatically. 
Other Ht>hd modeling systems, which aie history-based, are 
unable to import data and Oien modify it as if it had been 
created withui the system itself. 

HP PE/SohdDesigner allows soliti parts and assemblies to be 
exported to AC!S-based systems using Version 1.5 of the 
ACTS SAT file format. This featiu'e provides a direct hnk to 
other ACIS-based applications. 

With HP PEVSolid Design en users can set part and layout 
accuracy. Because users can model with parts of different 
accuracy by forcing tJiem to a cotumoji accLuacy, they can 
import and work on models from other CAD systems regard- 
less of their accuracy. 

D>'namic u^odeling is the underlying methodology \^ithin HP 
PE/SolidDesigner. This flexible, nonlnstoiy-based, inUiitive 
design techiuque provides direct interaction with modelmg 
tools and designs, allowing tlte engineer to focus effectively 
on the design task. 

HP PE/St)Ud Designer allows designere to work wdth user-de- 
lined features to capture design intent. Users can exi)licitly 
group a varier> of 3D elements such tts faces and edges of a 
part. These features then can be viewed, etlited, retianied, 
deleted, or used to dilve changers to a design. 

HP PE/SolidDesigner has vaiiable radius blending, which 
billows users to create, modify, and rentove variable blends. 
Tliey can now create constant and variable blends during 
one session. Another new feakue, called shelling, provides a 
quick way for users !<j cieaie thin -walled parts fr<jm solids, 
as in injection-molded parts, for example. 

Also new m HP PE/SolidDesigner is mass property capabil- 
ity. Tlie following properties can be calculated for parts and 
assemblies: face area, volume, mass, center of gravity iner- 
tia tensor. ai\d bouJidai^' aiea Tolerances can be supjilied 
anti achieved accuracies me remnieti. HP PE/SolidDesigner 
also incorporates ituerferent^^e-checking eapaliiiilies* which 
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allow detection of interference, face touching, and nomnler- 
ference of assemblies and part combinations. The results 
can be shown as text reports or in graphic format with color 
coding for eas>^ identification. 

About Kernels. A kernel is the heart of a modeling system. 

K itm*ruiy, three keniebi are used m \arious CAD sysreoLs, 
These are Romulus from Shape Data, Parasolid. an exten- 
sion of Romulus, and the AC IS Kernel from Spatial Teclmol- 
og>^ The ACIS Kernel is rapidly betxjming a de facto .stan- 
dard, having been accepted to date by 25 other romniercial 
licensees, 50 academic tnstiturions, and 12 stnitegic dev^^l- 
opers. As of July l99o, rciinpanies that ofnctally ha\'e com- 
mitted to using ACIS as their underlying technology' include 
MacNeal-Schwendler/Anes. Appliron. Auctxiesk, Bentley^ 
Systems, CADCenrre, Hewlett-Packard, Hitachi-Zosen Infor- 
mation Systems. Camax Manufacturing Technologies, liiler- 
firaiili. and Straessle. 

About STEP. The STEP protocol for data exchange is the 
prarkir t of a group of inteniaiionai organizations including 
PDES/PDES h\c. I'SA, a, joint venture with several member 
companies. ESPRIT (European Strategic Program for Re- 
search and De\'e!opmenr in Infomiaiion TechnologyJ. Euro- 
pean data exchange technolog,v centers sucii as CM)DETC 
(C.ADCAM Data Exchtmge Technical Centre) and GOSBrr, 
and ProSTEP the Gennaii in dust ty project for establishing 
STEP in the automoti\'e industry'. 

HP has been active in STEP technology since L9S9 through 
projects such as CADEX (CAD Geometrj^ Exchimge). PRO- 
DEX (Product Data Exchange), and ProSTEP. IIP proAldes 
STEP processors with its HP PE/So lid Designer 3D solid 
modeling software. 

Dynamic Modeling 

Currently, the most popular 3D CAD solutions are history- 
l^cLse'd UTien designing with these systems, dimensions and 
piiraineters lia\e to be siiecnfied at the outset. The model 
caj) only be nmnii>ii!atc(i indirectly by modifying these cii- 
niensioiiH ajKl jiaiiinieteni. The initiiil definitions have a mig^^r 
influence on the ease or difficulty of <;anying out subset^ueut 
modifications, which cai^ only be reliably implemented if all 
the previous steps in the design process are knoiATi. Labori- 
oas juanipnlalion may be necessarj' to make changes thai, 
intuit ivelyt should be achievable in a single step. 

L'nless the hi^stoiy of the tiesign is ilioroughly undersio<*d, 
any change made to a model may have luiauticiijated siile- 
effects. Relatively straiglitfon^'anl changes to the model 
involve many convolutt-d steps. Friture int<'r])retation he- 
comes ever mun' difficult ajid tlie effects of ninlier nuMJill- 
catioas are unj>redirtable. Even when a single designer 
takes a paJl from stail to fuiisii, the designer will tisually 
t*ec reaie the model from scratch many times as decisioi\s 
made earlier make further progress impossible. 

;\lt hough Instoiy -based systems aie appropriate lor solving 
f*iiiuly-of-i)arts |>r()blems, and are irleal for cojufianies who 
siinply pioiiuct' variabons on a given design, they are inOex- 
ibU^ when ttst^d during the conceptualization phjise of a 
project. 



Dynaitiir Modeling 

L>>Tianit<* nt<KleIing has been developed by HP U> menome 
the tnany pn»blenis designers experience with histars-basc^! 
CAD s>^tems. In particular, it aims to remove any dependen- 
cies on liLston' and the need to anticipate future changes. 

Tile concept luideriying dytianiic modehng is to ntake opii- 
mal iLse of ttvhnoiogies without ionst raining the de-signer's 
creati^iiy ajid flexibility. In erjutrast to hisTor\- based sys- 
lenis, dyrtarnie modeling allows direct manipulation of 
nioilel elements in 3D spac^e. With dvTiamic nK»delii^. local 
geomerr>' atitl topologj' changes can be made independently 
of the model creation at any time, using both direct and di- 
menskni-dri\en metiiotis. In the latter case, dimensions can 
be specified at any stage In the design, not just at the outset. 

The core components enaiiling dyiianiic modincations are 
the tool body and the relation soh'er. To make a model niodi- 
fication a tool body is created atid then iraitsfonned to the 
appropriate position. A Boolean ojieration between the (orig- 
inal tuodel and die tool body results m the desired model 
modification. 

HP PE/SolidDesigner is the only cunenily available CAD 
solution that tises dynamic modeling. The remainder of this 
article describes the ^nlderij^ng technolog^'^ of dynamic mod- 
eling imd compares it wit It other methods like i>aranieiric 
model mothfication techniques. 

State of the Art 

Currently, solid modelers use two different approaches to 
create the final geometiit al model. CSG (constructive sohd 
geometry) modelers arc based on %^oltmie set operations 
with volume primitives suc^li Jis ctibes, cones, or cylinders. 
This approacli is charatierizeil by a Boolean engine, which 
implemenis the bjisic Of>era!ors unit(\ siibirart, and inter- 
sect. Tlte sequence of £dl the Boolean otierat iorts, parame- 
ters* and positions of the primitives are kept in the CSG (we. 
Modification of I he solid later in the design process can be 
done by using more piimi lives tjr by etliting the CSG tree. 
Local modifications of the moflel are not jyossible. since no 
access to faces or edges is given. Tills rurnljersome way to 
modify solifis rettuires tin* iiHcr to analyse dte design before- 
hand and <lisset I it info the necessaty jjiimitives and o|M4*a- 
tiojis. While iunicipatijig design lutxiifirations and i>nilding 
desigtis out of priiuitives is not tyi>ical in the tncchanit*al 
engineering design process, tntre Booleati nKJdelers have 
proven usebti when enterittg a final <lesigji lor ptLstprocess- 
ing» sucli as rt)r finite-eletnent analysis (^FEM) or NC tool 
path progranuning. 

B-Rep (boimdary repiesentation) modelers represent the 
solicj by eonc^atenating surfaces towaitls a closed volume, 
Mofiel creation is.similai' to CSG mtjdeling. but the iLser can 
work ln<Mlly with siufaces. trim them ag^iinst each other and 
"glue" Ihi^ti together. Local geometry mo<:lificat ions me veiy 
flexible and retiresent thn way engineeis think. For exam- 
ple, "I would like to blend this edge" is a natural way of 
specifying a model change for a mechanical engineer; \\'hile 
"I have to remove a volume that cuts aw^ay all materiyj n(.)t 
nei^ded"* is a very ummtural way of specifying the same task 
during design. 
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As the development of B-Rep modelers continued, a i\ew 
dass of oi)erarions emerged in the em ly IFJSDs from i he re- 
seaich institutes and appeared irt coiumercial imi>len\enUi- 
tioiis. These operationis are called local ope^'atiotis, or more 
commonly. LOFs, in contrast to global operatioas lake Bool- 
ean set opcrariorLS. 1),pi€iil rei^i esentaiives of this kind of nuHl- 
eler are all RomiiluS'kemel-l>ased s>'Stems like HP PE/ME30, 

Tlie ditTerence between modifications wjili Boolean opera- 
tions ajid motliflcations with LOPs lies in the anioiint ot con- 
text analysis required. A Boolean operation always works on 
the complete volume of the operands (global operation). A 
LOP only analyzes ftie neighborhood of the operajicl and is 
usually not able to perform topological changes. To perfonn 
a mociel moditkation several constraints have to be met by 
the model, two of wMcii are ilkisirated in Figs. I and 2. 

The example shown in Fig. 1 is a block with edge El to be 
blended (rounded), if the radius rhoseii for the blend is 
laiger than t he distance between the two edges El and E2, 
the t opology of the model would need to be changed or the 
model would be coiTupted. 

Fig. 2 shows a block with a pocket on its left side. To move 
or copy the pocket from the left top face to the right one 
cannot be done using LOPs, becairse both top faces would 
change their topology (i.e., atld or remove faces or edges j. 
The left top face woultl l<ise the imier loop resulting from 
the pocket wliile the right top fiice would add one. 

These two restrictions aie only examples of the complex set 
of constraints on the use of LOPs. Removing tiiese restric- 
tions one by one mcims evaluating more and more scenai- 
ios, thus adding to the complexity of the algoriUmis needed 
for the operations. A new approach was necessary. 

The Tool Body 

Tlie limitations illustrated above led to the question, why 
caiVr Boolean set operations do the job? Boolean operations 
would be ai:jle t(j h kindle aH special cases and at the same 
time would increase the stabihty of the algoiilhms. In the 
late i9S0s a lot of research iind development was done using 
tills apjiroach. Tvvo direct ions were taken. Tlie lirsl was to 
f urth er de vtl t-,j p t he rj I d - su' [ e CS(] n ti >d r I j n j.^' s v s 1 f' n i s \u 1 1 1 : i k p 



them easier to use. The second was to remove the limita- 
tions of Lf JPs in .systems like HP PE/ME30 ^md all other 
Romulus-kemel'based systems. HJ* look the latter approacli 
to develop die dynamic mode ling capabihties of HP PE/- 
SolidDesigner. 

To enable mociel modifications \^^th topology changes. Bool- 
ean operations were added to the LOP modification capabih- 
ties. The system genei'ates a tool boclfj and positions it ac- 
cording to tile specifications of tlie modificatiort A Boolean 
opemtion between the original model and tlie tool body re- 
sults in the desired model modification. 

In tliis article, the temi ha sic local opera lions fB-LOP) mil 
be usetl for the nomial IXJP. wlucli cannot perform topology 
ch^mges, while tlie process ut usuig tlie Boolean operation, 
if necessary or more appropriate, will lie referrerl to as an 
mlMiigent local operation (I-LOP). Although the Boolemi 
operation tioes noi need to be do tie in ail cases, the temi 
1-LOF win be used to indicate that there can be a Boolean- 
based part of the operation. 

To use the Boolean set operations for I-LOPs the system 
needs to create a tool body first. Two major approaches can 
be distinguished: 

* Analysis of the the geometry to be modified and generation 
of art approi)naie topological primitive (i.e., a basic vohime 
element such as a cube, prism, or other) whose faces will be 
forced (rw'eaked) to t)uild up the geometry of the tool body, 

i Topological aiifj geometrical creation of the tool body in 
only one step by aJialy>sing the geometrical and topological 
neigliborhood of the face to be moved. 

The first approach is easier to implement if a utility function 
(a set of B-LOPs) is available that perfornis t he task of 
tw^eaking a topologically similar object out o the required 
geomeiiy of the tool Ijotly. Tlie tweaking ftmctionf however, 
is tied to the res tncl ions of this utihtj^ fmiction. The second 
method is more flexible but requiies more knowledge about 
the internal structuie of the CAD system's kernel. 

We chose the lli-st approach because HP PE/Sol id Designer 
already provided a working internal utility function for 
tweaking. The tool body generation for moving and tapering 




Fig. 1. Ax\ example of die luiiiLuliujii of local upi;!raULj:ui (LUPs). 
Edge 1 \s to be blended (rounded). If the radius chosen is larger 
ilijm die disr^mce betm^oen El and E2, the toptjiogy of the tnodel 
iriust be clwiged or the model uill be cornipted. 



Fig, Z. Aiiodier exiiinple ol tlie limitaiiuuii of LOPs. The pockeT UL 
die left }op face eaiunjl be copied or moved to die right top ftu e 
using LOPs hf^causi? l)oth top faces vroukl crhange tapolog^^ by adding 
or reinoviiTg faces md eflges. 
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Fig. $. Tlie lirs! step in the I- LOP (inteUlgent local operation) 
approach for a stretch (move face*) operation in HP PE/Solid- 
Designer is the generation of tiie toalbo?d>\ a n,n.-t.s.Kwi prism 
in ijriis case. 

faces (and for bosses and pockets) foUaws two steps, which 
are carried on! l)y tlie sj-stem autonmtlcally without any user 
inleneiTtion. First, a 3D body is cieated that has tiie topol- 
ogy' of I he final tool bod>i Tiie pail lo be tnodiJled is ana- 
lyzed to determine the topology^ of the -3D body that has to 
be generatefi for the requested operation. Depending on the 
nniiiher of edges m the peripheral loc^ps of the face to be 
niodified this body is either a cylinder (one edge), a half 
cylinder (two edges), or an n-sided prism, where n is the 
number of peripheral loops. Second, the geonieti^- of this 
body is modified usuig basic l(jcal modifications. Tlie restdl 
Is the final tool body to be itsed for the model modification. 

Figs, 'i tf> 5 illustrate this approach In Ittrtlier (ietall, shtmin^ 
the I-LOP ajjproach for a stretch (move face) operation in 
HP PE/SolldDesigner Tlie user wants to stretch the liox in 
Fig, 3, which means that the right face of the box wilJ be 
nun-ed tf> the right. The only aiul laitei^ loojj of the face to be 
tnoved contait^s four edges. Thus, tlte system creates a four- 
sided prism in space at an aibilnuy position. 

As shown in Fi^. 4, the system then forces the faces of the 
prism onto the surfaces underneath die front, lop, back, and 
bottom faces of the box (B-LC)P). The left face of the prism 
will l>e ftjrced onto the right face of the box mid the rigitt 
face of the prism will he forcetl into its final position, speci- 
fied by the user 

Tlie last step, shomii hi Fig. 5, is the Boolean set operation 
(m this case a unite) of The rool body with the original 3D 
part, resulting in the modified 3D pmt. jMthough thf modifi- 
cation in til is exami>h^ t cjuld have been achieved by etniiloy' 
ing a B-Lt )P opera tiotu the use of the Boolean set operation 
wtil allow topoli>gital chat^ges like interference of the 
stretched 3D part with some other section of the model. 

The same approach works for faces witli outer ioops of n- 
sided polygons. The cur\^es describing the polygons are not 
restricted to straigiit lines. All types of cunes I Km n ding th<* 
face are valid, as long its the boundary of I he face is convex. 
In Ctises of convex/concave edges spe<*ial care has to be 
taken in tweaking the faces of the prism onto the geometr^^ 
of the a^ljacent elements of the original [Jan, An approach 
similar to tlte one described ai>i>Iies for tapering faces. 



Fig. 4. The second step m stretching tiie IxJX of Fig. 3 is to force the 
faces of the tool body to the final geometry, using a B-LOP (basic 
local operation ) 

There is a high ilsk of getting tmpredictable results or self- 
intersecting tool botlies when dealing with several faces that 
are no\ related to each other Although the example in Fig. 6 
may look somewhat artificial, il is characteristic of many 
possible situations. The user wants to mo\'e the two veniciil 
faces Fl and F2 fartlier to the right, and expects a result as 
repr^esented by the rigjit part in Hg. 6, Howe\-er, depending on 
the sequence of selection, two di^erent results can be obiained 

If F2 is selected before Fl, the I-LOP perfonns as expected 
and the result is as shown at the right ui Fig, ix If Fl is se- 
lected first, liowever, Fl mil be moved first. The tool body 
belongitig lo F2 will then be subtracted trf>m the body and 
will ititeifere with ttie final positioi^ of Fi. Tins leads to the 
unexpected result shown in the middle of Fig. 6. 

The conchision is that only single faces can be n nidi tied and 
change topology during the modification. For mLiltii>le faces 
the J-LOP is loo risky. If nmltiple faces are to he modified at 
once, basic local operatin^is (B-I/JPs) instead <jf Boolean 
openitions will be activated. No topology chmtge is allowed, 
of course- One mayor exception to this nile is W\e case of 
bosses and pockets, which will be discnissed later 

Although in most cases the I-LOP approach will Ijc ai*|»lied, 
thert* are situations where seir-imersectmg toi>l i)odies 
wot I If i lie created and theiTfore Ihe B-LOP apprnacli is 
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Fig, 6. Modification of Sf*veral im- 
jelaTeil faces c^n lead to unantici- 
pated results. Here the user 
w^aiits to move faces Fl and F2 to 
changf* the ]m-\ ai the left iiito 
the part, at thf.' right . If F2 is se- 
lected heforr Fl The result m as 
expected, but if Fl is selected 
first the result Is the part in the 
middle. 



preieiTed pveii in ca.ses with oitly one Taee to be moved. 
Fig, 7 shows such a sitttation. The tiser wants to rotate tlie 
right face around an axis lying in tlte face itself. Another 
likely .situation would be aligning the right face with another 
face of tlie niodei. 

Using an I-LOP in the way described above, a self-intersect- 
ing tool hody would be created without special care to dis- 
sect tJie tool body mto two tool bodies, one to add to the 
part and one to subtract from the part. In Fig. 7, the volume 
to be added is colored green and tlie vohinie to be removerl 
is red. K HP PE/SolidDesigner detects a situation like thiSj a 
B-LOP is used for the modification. 

Geometry Selection and Automatic Feature 
Reeagnition 

The nc^xt step in ^erms of increased complexity is the han- 
dling of groups of faces, which are known as bosses or 
pockets by mechanical engineers. These bosses and pockets 
neefi to be moved or copied, allow ijig topology changes. Of 
com^e tiie end user would appreciate h ver>- much if these 
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tea tu ITS could be selected as a imit as op|>osed to the 
cumbersome selection of faces sequentially 

First, the terms boss and pocket need to be fmther speci- 
fied. Bosses and pockets can be defined as a ntunber of con- 
nected faces whose extei ior boundai^^ loops (the edges de- 
scribmg the intersection of the tool body with the original 
:3D part) are internal loops of a face. This definition is not 
ei^sily conceivable and can be replaced by tlie more tmder- 
standable. yet not veiy^ exact definition, "a number of con- 
nected faces contahied in one or two nona4Jacent others." 
This is easily conceivable by the end user and fits a lot of 
cases. Figs, 8 and 9 ilhtstrate the copying of a pocket to 
wliich tJ^is definition applies. 

For moving or copying bosses or pockets the system dis- 
sects the part along the edges that comiect the boss or 
pocket with the remaining pail. Both the tool body (the for- 
mei' boss or pocket) and tlie pait to be mochfied now^ have 
open volumes (missing faces, or "wounds"), w^hich are 
"healed" by the algoritlmi before fun her processing wAXh die 
tool body. 

Pigs. 8 and 9 show only simple pockets. Tlie question re- 
mains of how^ to deal with more complicated situafions like 



Fig. 7. Here the user \xm\\^ to rouate the riglii lace around an «'ixlJi 
lying in the face itself. Tliis would crf*ate a self-intersecting tool 
body If ati I-LOP %^re used HP PE/SolitiDe signer detpcts surh si I ua- 
tions and uses a B-LOP instead 




Fig. 8 A i^^ri with a pcx'ket lo be copieti to die right top face. 
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F\g. 9= The part of Fig. 8 \vlLh two pockets , one copied. Tlie sv'steni 
recognises simple and coni pound bosses and pocltets 

countersunk holes or bosses inside pockets. Pig. 10 shows 
the extension of the sirnpk^ bosses and pockets. A boss or 
pocket contiuiiing connlei^unk bf)sses or pockets will be 
referred to as a compoumJ bosti or pocket. Any niiniber of 
nested bosses or pockets is allowed, as showii in Fig. HI, 

Simple aiid compound bosses and pockets are recognized by 
tlie system automatically, depending on the selection of the 
iLser. If one face within the boss or pocket is selected, the 
feature recognition algoritlim identifies aU other faces be- 
longing to the selected boss or pocket. 

Fig. 11 .shows a pan with a roimtersiink pocket, If the user 
selects one of the red faces in Fig. 11, tiie whole pocket is 
selected. If the use-r selects one of the yellow faces a smaller 
pocket will be recognized- 
Feature recognition very much simplifies geomett^' selec- 
tion. Instead of many picks to sample the list of ra<"es for a 
move or copy operation, one singJe pick is enough. HP PE/ 
SolidDesigner recogniitcs the list of faces as a boss or 
pocket and the subsequent modification can include topo- 
logical changes. 

Once the bosses or jiockets are selected, \arious I-LOPs mv 

appUed: 

Tlie **wountr in the rop face of the pait to he modifie«1 is 

healed, resulting in a simple block and a tool body consist- 

ing of the two nested pockets (the colored faces). 



Fig* 11- Part vtitha countersunk ptKker 

This compound tool body is split Inro the larger pocket 
(colored red, nesting level I) and a smaller pocket (yellow, 
level 2), 

Bath tool bodies are riimsferred lo their final po.sitioiis. 
The larger tool body is subtracted from the block. 
' Ttte smaller tool body is subtracted from the result of the 
preceding, leading to the desired modification of the part. 

The additional complexit>' of working \nth compound pock- 
ets or bosses is niiiinly bandied by the Boolean ei^gine of 
HP PE/SolidDesignen Only a small pai1— the detection and 
subdivision of compound bosses or pockets— is neetied m 
the I-LOP code itself. 

Fig. 12 shows the result of tapering a compound pocket ^ilh 
HP PE/SolidDesigner, (The front comer of the block has 
been cut away to show the tapered pocket. ) If there were a 
need to change the topology by this operation, the Boolean 
operation inside tiie i-LOP would take care of it, 

Tbese features in PE/SolidDesigner don't have anything to 
do ^a'ith the generation method of the model, as is the case 
in hist 017 anfi feature-based mode I ere. The featiu'cs arc de- 
fined femt)oraiily for specific purposes; they are not part tjf 
the tnodH. The nexjl)ility of defining features at any staj^e In 
the design process is very nuu h .^iipji'ciiOed by mosi me- 
chanical engineers. 




Fig. 10, l^art with one forrifHtuud ptjrkfM antl si Ifosis inside a jinf-kot.. 



Fig, 12 P;irt. witti a liipered, cfiuntersunk |:3(it!kc-t , I'hf fnint vtmie.r 

s)l fill' black has been nil awny to show the tapprerl pntikel. 
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3D Labels for Dim ens ion -Driven Mudiiications 

In the ]]ast, if a mechanical engineer or drat l.s ill an had to 
adapt an existing design to new dhneiisions, die easiest way 
was to maik the dhnenslons as "nor tme in scale," erase die 
original value and put in the new value. The rest was left to 
the people on the shop fioon 

Tills concept of modifying labels was ada]>ted hy CAD sys- 
tems that use variational or parametric app roadies m either 
2D or 31). The difference between the pai'ametric and varia- 
tional apjDroaches is minor in this respect. Both systems 
requii-e a completely constrained chawdng or 3D model 
which is generated with (he help of user constraints and 
system assumptions. New values of the dimensions cause a 
reconiputadon of the whole mudel Any dependencies that 
the user miglit have specified are maintiiined even when ilie 
model becomes modified later in the design process. The 
design intent is captured in the model Wtiile this approach 
is mosi etficient for- fmnily-of-pajis desigxis. it does not sup- 
port flexible rnoflifi cations, wliich are needed in tlie typical 
iterative :iesign process. 

HP PE/SolidDesJgner*s dynamic modeling capabilities su]]- 
port the concept of 3D labels that can be attached to the 




Fig. 13 PaitofaBHPDeskJH 
prinnnr priiithead. 

model at any time during die design process and can bo 
used as dnving miliies. Tapeiing of the selected geometr>' 
can be driv'en by angled labels, wliile the transfonnation of 
the selected geometrj' t-an be defined by employing distance 
labels. The user adds one or several 31) labels to the ptut, 
selects tJie geometr>? to be modified, and specifies new di- 
mension values. Using tlie new values tlie system then per- 
forms tJie modification em[doying B-L(}Ps or I-LCJPs. After 
the modification all values ot the labels are updated to the 
cLirrent values of ti\e geometry. 

Fig. 13 sliows t he HP PE/SolidDesigner model of a pait of 
die print head of an HP DeskJet printer I-lgs. li through 18 
illustrate the concept of 3D labels. 

As indicated In FLg. 14, the first draft of the design contained 
a 30-degree ra^np that w^is to be used to aid manufaf i nring. 
All edges oi I he area are l.)lended to meet casting require- 
ments. Msume that later in the design process it turned out 
that the ramp w^as not needed at all oi^ a different angle was 
needed. There are several ways to define the transformation 
in space for tlie rainp to disappear (e.g,, aligning Uie origuial 
ramp face and the adjacent face below the ramp). If the user 
is tidying to define the axis of rotation for the ranip face, 




Fig. 1 4 Chan^^ a dimension (the angle of ttie ramp) of th^ part of Fig. 15, Tlie pan of Fig. 13 with the new ramp an^e (the ramp has 
l^tfi. i;3. been removed). 
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Fig. 16, The part of Fig. 13 cliaisged b\ I-LOPs v%1thout the 
knowledge tlmt there is a blended edge. 

prohlenis arise because tlie axis is a \irtual one and cannot 
be found in the model EitJier a special method for axis defini- 
tion Is needed or die user has to do the ealcuLidon by haiid. 

A third possibiiitj^ is entpioying 3D labels. Using the 3D label 
already defined to s?iow the functional angle enables the 
system to do all llie necessary' computation. Anew value (in 
tlus example ISO degrees) needs to be entered by the user. 
The system derives the transformation that has to be applied 
to I lie ramp face and The model becomes updated. (Fig. 15). 

If the label had not been ready for use, it could have been 
created to drive the modification. The labels aie mdepen- 
dent from the model creation and can be used temporarily. 
If the model hiis been changed, tlie values of the dimensions 
update automatically to their new values. 

Relation Solver 

Once the geometry to be modified is selected ai\d new val- 
ues of the labels are entered, tlie system will sian with the 
unspecified transtcirmation and sLx ttegrees of freedom 
(three trans iational and three rotational). The solver will 
derive the relations from the labels and redtice the number 
of degrees of freedom seiiiuMitiaJly onv afler the othej until 
all specified relationships are satisfied or an impossible con- 
figuration is encoimtered. 

The system is only designed to solve relationships that can 
be described by equations solvable by algebraic means* No 
hcrative sohition is attempted. 




Fig, 17- HP Pi^:/Sij]idlM'>,iMiH-r fivoiiis Lin- lii'lisivii^f nl tig. H> U} llrht 
suppress sing tin"' blond as sIigwti here. 



Fig. IS. Aftei- suppressing the blend. Ihe system makes the change as 
shown here. The final step is to readd the t?leud as sho^^Ti m Fig. IB. 

T\\e resulting transformation is dependent on the order in 
which the user has selected the modification -(inking labels. 
Thus, the result of the modification is order dependent, es- 
pecially if rotational and tr;mslational transfonnations are 
specified for the same niochll cation. 

Modiftiiig Blended Faces 

hi Fi^. 14. there aie blends adjacent to the face to be moved. If 
the syslem didrt't know tliat there were blends in the neigh- 
btjrhood of this fare and how to liandle tJiem, nio\1ng tiie face 
niighr create a str^ige object like tlie one shown in Fig. 16. 

To avoid this behavior, the system suppresses the blends in 
a preprocessing step before doing the main operation (ro- 
tate the rmnp face) and recreates diem after perfornung the 
main operation in a postprocessing step. Figs. 1 7 and IS 
show the steps used by tiie system internally. 

This concept adds to the flexibility of HP PE/SolidDesigner 
tremendously, because il overcomes the hmitation of the 
B-LOPs that only modifications can be done that do not, in- 
volve tnpo logic al cli tinges. 

Summary 

Tills paper shows tJae strengths of tlie dynamic' modeling 
(e<"hni<|ues. Topohigy changes ai'e possible in most cases. 
Model inodilKaticms CtUi be defined when they berome re*- 
quired within the design process. Design clianges do not 
have to be anticipated when starting the model creation. No 
coristrainls within the model exist, and predictable results 
avoid the trial-and -error approach of parametric and histoiy^- 
Ijased s-yslems. Dynamic modeling's ccue component besides 
the relation solver is the tool body, which is defined by tJie 
system automat it ally for ihe Boolean operation durmg a 
mcjdel modificalitJU, Altlumgh some limitations exist, most 
<lesign changes me possible In one or Severn! sieps. 
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User Interaction in HP 
PE/SolidDesigner 

The HP PE/SolfdDesjgner user interface is rnodeled after the successful, 
easy-to-use, easy-to-learn interface of earlier HP CAD products. All 
commands are coded as Common Lisp action routines. A user interface 
builder helps command programmers by hiding details of the X Window 
System and the OSF/Motif™ graphical user interface. Prototyping was 
done using a specially developed Lisp-based interface to OSF/Motif called 
HCLX. 

by BerLhcjld Hug, Gerhard J.Waiz, and Markus Kiihl 



As the use of CAD systems has bcc^ome more and more 
widespread, two conflicting trends have emerged. On one 
h-aiid, die complexity t>r C AD systems has grown v\ itii tlieir 
increasing functioiiaJity. On the other hajid, the tyjiical CAD 
system user is no longer a computer hobbyist. Designers 
imd detailers me busy eiiougli main taming expertise in theii" 
own areas mthout having to be computr^j" exijerts as well. 
Therefore, CAD softw are must be essy to learn and ei^y to 
use for first -time or occasional usei'S without sacrificing 
flexibility and clTertiveness for more eKiHiieiiced usem. The 
conflicl betwx^en the need for si!ii|)]e oi>eration and the in- 
creasing functional complexity can lead not only to less user 
satisfaction, but also to decreased productivity. As a result, 
a sinijile and consistent user interface hiLs been a long-stantl- 
ing goal of HP CAf) products. 

T)ie tiser interface of HP PE/SohdDesigner' is based on the 
successful user interface of HP PEAIEltl aiuI PE/ME3tl The 
key components of this user inteilace aie: 

• Ease of Cse, The product is designed not only for expeits, 
but also for first -time or occ^isionaJ usei^. 

• Menu Stnictiire. A iask-(^3 iented, flat menu stmctiire mini™ 
mizes menu interaction and the length of cursor mo\^ements. 

• Macro Language. This ailows the user to castomize the 
menu structure. User-defined functions can be set up to 
increase producti\ity by using existing CAD operations and 
measure/itu|uire tools for model iiKeractinn. 

• Online Help System, This provides all relevant mfonnation 
to the user without usuig manuals. 

Tlie HP PE/SolidDesigner graphical user interface is based 
on OSF/Motif and the X Winrlow System, universally ac- 
cepted graphical user interface standarrls lor afiplications 
software miming on workstation com|)nTei>i. Tlie (.)SP7TMotif 
graphical user interface provides standaicls and tools to en- 
sTjre consistency m appearance and behavior. 

Tlie large functiontdity built into HP PE/yoUdDesigner is 
accessed by means of a commaiul kmgnage with a defined 
s>iUax. refeiTed to as action routuHTs. Tlie user commuiii- 
cates with the command language via the graphical user 



intedace. All prompting, enor chccldn^i^. and graphical feed- 
back are cfuUrolled by means of the command language. i\ll 
C'AD functionaUty is provided in this way. along with a user 
ititerface liuilder for iniplemcnting the graphical user mterface. 

The action routines are impleniented in Common Lisp* 
which provides an easy and effective w^ay of piototyping and 
hnplementijig user interactions. For the first interacts e pro- 
totypes, HCLX, a Lisp-based OSF/Motif interface, was used. 

During the development of HP PK/SolidDesigncn HP me- 
chanical engineei-s spend imndreds of days testuig the prod- 
uct and pro\iding feedback lo tune its user interaction to 
meet their needs. They mercilessly complained about any 
awkwartl interactions, Tliey made suggestions anri flrevv 
pictures of how" they would o|itimize die system for theli^ 
particular tasks. As a result, commands were designed ami 
redesigned to reflect their needs. Tlie user interface veilfi ca- 
tion was also supported by many external customei- visits, 

User Enter race I>escriptioii 

If the user is familiar w ith other OSF/Motif -based aijpli ca- 
tions* it's easy to feel comfortable with HP PE/SolidDesigner 
quickly Thi' mouse, the keyboard, and the knob box or 
spacebail are the tools For interaction. 

When HP PE/SohdDesigner is staited it looks Uke Fig. 1. The 
different areas are: 

Vicwqjoit (center of die scTcen). The viewport covers the 
mam portion of the user interface and consists of tiie graph- 
ics area and the viewpoil control buttons ai (he Inp, hi I he 
graphics aiea ol the view]>on, tlie model is ilisplayed and 
the user interacts with the n^odel Several \iewports can 
exisb each with its own control buttons. Using more timn 
one viesvport. the user can view a pait simultaneously from 
different sides and in diffei ent modes. Resizing and iconi- 
fication of viewports aie possible. 

Urilitj- Area (top row). In die utility area, the user finds tttil- 
ity^ tools that support the cuiTent task. They do not termi- 
nate, bur rather uitcnupt and support the ciUTcnt connuaiKi 
Tlic help button at the right end giv-es access to the general 
help menu. 
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Fig. L Main screen bf the HP PE/Solid Designer user inteifiace. 



• Main Mt^nu (right side J. The main menu buttons appear in 
I lie righl ( okimn below tlie application nanie. This is also 
called the rnaui t^ask area. All the functionality is grouped 
into task-oriented logical areas. By selecting a main task 
button, the user opens a set of subtasks or a command 
dialog niejiu with buttons foi- ail stages in the modeling 
sequence ^ 

• Prompt lines and General Entity' Field (Uottom left). Tlie 
tvvo-line prompt aiea is used for general system feedtiack, 
messages, or user guidance. The general entry tie Id is used 
for entering commands, general expressions, and the like. 

• Global Control Buttons (liottom right). The buttons at the 
bottom aj'e always available, Tlie select button is only active 
when the system is prompting the user to select somethuig. 
ThL' i>ntu:Mis ajid display fields inside the scrolled winci(jws 
display general systeui settings like die active work])lane or 
part, unitii. and catc'h mfoiTiiation.t Tlie other buttons aie 
commands that tlie user needs frequently They are always 
available. 

tDape^n^irtg on the currefii CDmiTiandi thecateh seuing indicaEBshow a pick In the graphics 
area jvlewpDrt) is processed to tdentilyan elemenE For e^campfe, "camli varies on «;uirEnt 
workplans' means that if the ussf picks near the end of a siraaghT line, the resL(ltii>g pEck pnmi 
will exactly match the emjfjo^ni: of the line The catch radius Is custami^Eable. 



Command and Option Dialogs 

Command dialog boxes (see Fig. 2) are accessed eitJier from 
the main task area or the uiility area. The current command 
dialog l>D?c Is replaceti by the new selected one. If the default 
home position of tlu' coiumaiui dialog box is inside the 
ch^awing area, the dialog box is closed upon conipledon of 
tlie operation (this is typical for command dialogs from tlie 
uUlity area). With this behaAior live user always has optinial 
use of die screen space. 

Nevertheless, sometimes the user wants to have parallel ac- 
cess to different diidog n\eniLs at the same time j Oat stnic- 
turej. This can be achieved by phming the conmiand dial<jg to 
the screen usiitg the sinaU icon nx the upper left comer 
Pinned c*>mmand dialog boxes are helpful whenever the 
UnSer is using several menus constantly. The user can keep as 
many or as few dialog boxes open as (iesirerl mid airange 
them on the screen to suit the |) resent task Fig. 2 shows tw^o 
pirmed dialog boxes and one unpinned dialog liox. 

Activation of a conmiaiid by a motise click or by typing ut a 
command in the general entry field leads to the same bi^h av- 
ion The conmiand buttun saans jni<j pressed mode. If dierc 
exist a number of adthiioTial controls of the cormnand, a 
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Fig, 2. Command dialog boxes 
vd\h pin icons in Uie upper left 
corner. T\vo boxes are piniied to 
the screen and one is not. 



subdialog is atta<:'hed at the bottom of the command dialog 
box (see extrude box in Fig. 3). Tlie rommaiid becomes in- 
teractive and a prompt asks for further input. The dialog box 
gets a yellow border, a signal that ttiis dialog box is active. If 
the action is suspended by an inteniipt action, the border 
changes to red. Titos, the user never loses track of what is 
active and what is not. 

The subdialog pro^ddes options in the form of buttons, data 
entry fields, and check boxes for fmlher control of the com- 
mand. Tlie system provides good defaults to minimize the 
required user input. j\ll options c^m be manipulated in any 
appropriate order; I he cottimand supplies a parallel s^^iitax. 
Ail settings are displayed in the dialog box, Requii'ed data 
fields are highlighted in yellow, meaning that the user must 
define a value. 

The help buttons of the command dialog boxes give access 
to contexT-sensiti\'e lielp. 

Context-Sensitive Help 

Help messages relating directly to the task the user is per- 
forming caji be accessed immediately by pressing tlie help 
button located in the cutTently acti^'C menu or dialog box. 
The lielp infonnation appears in its own dialog box, which 
can be positioned anj^vvhere on the screen and resized for 
convenience (see Fig, 4), 

Words used in help text are directly hnked to other defini- 
tions or explaiiaf iojis. T>ie user need not go back to indexes 
to look up fiinher words to aid in understancUng the help 
information. 
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comiiTand is an exami>le of this belia\ior. 
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In addition to the context-sensiiiFe help, the help system 
provides a task-based index i^ith search £aeilit>\ a conutiand- 
based index with ^arch facOitjv an ovemew of HP PE Solid- 
Designer, information on HP PE/SoIidDesigner s concepts, 
fdterSt and displays of user-t\fped key^vords, version infor- 
mation, and help on help. The help sj'stem can be used in a 
standalone mode without ninning HP PE/SolidDesigner, 

Task-Sensitive Tools and Feedback 

\\~henever the user has to enter a value for a coitimand, the 
system provides the appropriate tool for data entry For in- 
stance, if the user has to enter a direction, the direction tool 
(Fig. 5) pops up. The user can extract the infontiation di- 
rectly out of the model ^"ith a minimum of effi>rt by access- 
ing parts of the model stich ^ edges and faces- The result is 
displayed either textually or gi^hically as part of the 
model 

These task-sensiti%'e tools are implemented as sub actions so 
that all conunands (action routines) have access to the same 
tools. Using th^e tools guarantees consistent sj^stem behav- 
ior, for example iu speci^ing directior\s. 

Browsers 

Browsers (see Fig. 6) display lists of files* workplanes, 
parts, and assembUes, and allow selection of items for use in 
coitunaitds without typing m names. Even complex assem- 
blies become easy to understand and manipulate when 
browsers are used. 

Customizing the User Interface 

IIP PE/SohdDesigner provides different facilities for change 
ing its user interface. The following customization capabili- 
ties exist: 



» Flattening the Menu Structure. This facilitj* is provided by 
allo^ilng the user to pin command boxes to the screen. 
\^Tien the emironment is saved, putning and locadon infor- 
mation is stored for later access. 

• Toolbox. The toolbox (Fig. T) allows the user to build a cus- 
tom command dialog box. The user can put any command 
into the toolbox, and can put the most-used commands to- 
gether in one area for easy access. The toolbox can be left 
open like a command dialog box. If a commai^d becomes 
inieracdve, the original subdialogs are art^:!hed ai the bot- 
tom of the toolbox dialog. 

► lisp. Tite user can wiite Lisp ftmctions, wliich can contain 
action routine calls. Thus, the user can combine lisp with 
CAD functionality^ to optimize the system for particular 
needs. 

' Key Button Bindings. HP PE/SolidDesigner commands or 
Lisp functions can be accessed \la X tmnslations. Function 
keys, mouse buttons, or any key sequence can be defined 
for accessmg any given functionahty. This tool allows the 
expert user to accelerate the use of the system- 
Record'Playback. The record/playback feature allows the 
user to record a series of command picks to be used later to 
duphcate the action, hke a macro. Tlie infomiation is stored 
m a file for playback. The file contains the conunand syntax, 
so it can be used to support writing user-defined Lisp 
functions. 

Action Routines and Personality 

This section describes the user interaction in HP PE/Solid- 
Designer in more detail. It explains the basic technolog^^^ 
underlying the concepts that were described in tlie preced- 
ing section. A simplified extrude example Is used to clarify 
the explanation. 




Fig, 4, Colli exl-sfiuyiLLve help in- 
fo mill lion appears in its own dia- 
log box, wliich can be positioned 
anj'^sherc on the screen and re- 
sized for convenietice. 
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Fig. 8 is a siniplifiefl diagrain of the action roiitiiuVpprsonal- 
ity conimuniratioti inodt4 of HP PE/Solidl)esigner. The com- 
munication model is di\1de<:l into tliree parts. On tiie left side 
are the action routines and on the right side arc the user 
inteifacc objects, Bitlirectional conTniimication Lu^tween the 
action routine?? ;uid thi' user inteifacc is the la-sk oi' the per- 
sonafiiij, which is shown in the middle of Fig. 8. Thi.s tlivi- 
sion into three separate c4)mi>oiienls allows the inipleniej> 
tor of an liP PE/SolidDesignei" coinman<f hi rhaitge llie user 
interface ujkI its l>ehavior withoiu chaJigiug tin? rominand 
syntax. It is also possible to switch off the user interface for 
certain commands. 

Tlie action routine coucei>t is usetl to impleuient the conh 
mand language of HP PK/SoliciDesjigrier A coinnvaud is 
coded as a state niaclune witli se\erai states at;d transitions 
between these states. Tiie term petsonality lefers lo the 
information coded in the GUI update table shr Avn in Pig. 8, 

HP PE/SolidDesigner distinguishes three i y[}es of ucliun 
routines: 

• Terminate Actions. Temunate actions terminate every other 
nimiing action routine npfnafively (i.e., they cancel them). 
W any time there can only be one active or suspei a Iff i ter- 
minate action. All acHon routines tliat uKjdify tlie solid 
model must be delineti as terminate actions. 

• Interrupt Actions. hUermpt actions interni|)t the cuncnt 
rmining action rout ine, When tlie inteiTU|jT action is fin- 
ished, the mterrupted (suspended) action roiUine continues 
from w^here it w^as interrupted. There is no limit on the 
stacking of intemipt actions. Interrupt aciions must not 
modify the solid model Tliey aie only alluw^ed to mquire 
about model data. .\ measure command is an example of an 
interrupt action. 
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Baiiic Action Eoutine Structure 

As nientioned al>o\ c\ the user interfat'e in HP PE^SolidDe- 
signer is Lis[>-base<i, Therefore, the implementation of an HP 
PEI/Soiid Designer command using the action routine con- 
cept Ls a kind of Lisp programming* Tlie following b a sche- 
niaiic representation of a terminate action: 

(defsctrovi rrame 

( ) ;; List of local variables (with or without initiahzaiionl 

( ;; action ilBScription 

( statejiame (staiejorm) 
(state_prompt1 
hefpHndeX'Symbol 
( transitioirpffttem ftransition^foirn) pers-update'SyfnboI next_statB 

„. ;: more tfansitJons 
} 
... ^ more states 

);; end of action dsscription ~~~^ ~^ - 

{;; local fonctions 
(local -fun {) 



• Subaci ions. Siibacl ions ai'e used to iinplcnienl frequently 
used m etuis so ilmi, tliey can l>e reused in other action rou- 
tines. This avoids cod(« duplication , allows bi^tiiTniainie- 
nance, and in\p]T)ves usability. Subaclions can oidy bo 
called from witliin otlier action mutUTes. Tills means that 
the LLser cannot call a subacUon directly. Some typ icril 
examples of j^idjaction!^ are: 

Select 

Measure axis, direction, ptiini 

t'oior editor 

Part positioning. 



,.. ;: mora local functions 

S ;; end of local function definitions 

I 

Tlie siructure of an iiUerrupl action or subaction is equiva- 
Ifiii In that ofifie PTJuinate action shown above cKcept diat 
an hitemipt ac^tion is defined using tiie iceyword defiactmn 
and a subaction is defir^ed using Ihe keyword defsaction. The 
second paratneter of the action rtjalirte deilnition is the 
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name of the conmiand that i^ coded through the action rou- 
tine. Ff>r ail extrude conniiciiid tfiis wcniltl be extrude. Foil ow- 
ing the command name is a list of loral action %'ariables. 
These vanat)fes can only be accessed froni witJiiii tliis action 
routine. Action routine local functions and eac:h state and 
transit ion fbnn tiave access to them. They Jire used to store 
user-entered command parameters and as variables to t con- 
trol the execution of the command. 

Next conies a description of the state macMne. The states 
are tfujse defined by the milroad of tlie conmiand plus inter- 
nal administrative states. The railroad of a commimd is a 
structure used to describe the syntax of an HP PE/Sol if i De- 
signer commanci foi^ the user. Pig, 9 sliows tlie sinii>lifle(i 
railroad of tlie extrude commajui (a few fjptions have i>een 
omitted Ibr clarity). The railroad retlects the concept of pai- 
allel command syntax. Each keyword (;part, :wp, :distance) can 
be given at any lime attd the conimand loops until the user 
completes or cancels it. 

A distinction is made betw^ecn prom ptinj^ and nonprmntiting 
states. A prompting o!' prompt state r equities the input of a 
token (a keyword or parameter value) from the user, 'Iliis 
token is read from the input slre^un, w bich is filled either 
interactively by the user (bitting an tjplioit Ijutton, entering a 
number, selecting a part, etc.) or from a file (such as the 
recorder file). As many tokens as desired can be entered 
into the uipnt buffer Entered tokens are processed by tlie 
action routine hcuidler. Pro<'(*ssing stops as soon kiB an enor 
occurs (such as an unknow n ke^ntvord ) or the input, bnfler 
ijecomes empty. HP PE/Solidl)esigner tiien becomes inter- 
active and retiuires more iufnit horn the user A prompt state 
wiih an entpty input ijuffer <iisplays the prompt coded in its 
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Fig. 9, Simplified railroad ^vin^ tho high-4evei syntax of tlip extrude 
eoniriEiUKi 

state. After the user has entered a token, the action routine 
handler tries to match the input vt^itli one of the state transi- 
tions. If a match is found llie action routine handier pro- 
cesses this transition and jumps to tbe next state. A non- 
prompting Slate (administrative state) takes the result of its 
slate fonn U\ find a nuilth with I he cixied transitions of this 
state. If the action routine handler was not able to find a 
match in the O'ansitions and no "otherwise" transition wbb 
coded, it signals an invalid in]jut error 

Implementation of the extrude railroad leads to the state 
macliine shown in Fig. 10. As I he extiiide command staits, 
the first slate is mt. In tliis alnie the local vai'iabies are ini- 
tialised (iud filled witb nsefiil defaults such lis the current 
pail and the current workplane with a valid proiUe. Since mil 
is a nonprompting state and only one "othenvise" transition 
IS coded the action routine handler ^oes on to the next state^ 
tap-prompt. Tills prompt state and the nonprompling dispell cb 
state top-opt arc the centrul stales of this example commanrl. 
The top-opt state lakes the inpul of the previtms state (top- 
prompt or any ext racU or c-tieck state) and nies to match its 
transitions. Tbe states select-part and select- wp call on their 
only "otherwise" trausititm. the select subaction, as their 
t rarisition tbnn, with the specific select focus of pai1 or 
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workplane, rf^pectivc?ly. Thesp stales prompt througli the 
seNi subat'tion. The extraci states take the rpstilt of the 
transition form (select subaction call) mid process the result 
of the select o|)cration. The distance state has a special key- 
word — :lengtti — as its iransilion jjaltem. For this kejTA^ord an 
input conversion Ls invoKed. The transition pattern will 
match iiiiy enterc*d number, whereupon a units converter 
will b)e calk^ auloniadcally A user cim work in length units 
of tnillimeters or inches, and Ihe units conserter converts 
the length into Ihe interna] units {here tnm). Tliere are also 
f jther cf>nverteni such as the angle <.x*nverter which converts 
the user input (e.g., degrees) into internal units (here radians). 

The extrude command loops until the user completes or 
cancels the comnumd. In both cases the action routine han- 
dler jumps into the separated stale end* Depending on a posi- 
tive (complete) (ir negati'^'e (cancel) termination of the com- 
iii?iii(1, ihf softwiirc tlvat ac tiially j)erfc>rms the action will be 
called with the paramelerH Uiai were collected by the action 
rt^utine. 

Personality 

.'Vs explained earlier, the task of the personality is bidirec- 
tional cfjmnnmication between the action routine and the 
user interface objects- The core of the peii^onality Is the QUI 
utKiat.e tal>ie slmwu in Fig. 8, Tttis ial>le stores all of the 
actions to he perforuiefi when an aciinn routine executes, 
and It also receives daia Iioni the user. It guaiantees dial the 
user interface is in sync wlUt the actkm routine state when- 
ever HP PE/SoiidDesigner requires data from the user. 

Tlie Gill update table is realized as a hash table with the 
pers- update-symbol (see action routine ret)i'eseniation. page 19) 
as key and a lisj) fonn as enir>'^ As soou as tiie actinrt rou- 
tine handler lluds u match in the trajisition (lattern of the 
citrrent state it perfonits the tnmsition fomi and triggers die 
user interfiu^e ujidate usitt^ the tlitnl panmieter of the tiTuisi- 
tton detlnitifni as vallu^ Ttic aclioii routine hniidlcr looks up 
wlietlu'ra Lisp form is code<l for the pers-updaie-symbol mu\ 
evalualt^s it if foutHt Tlie Lisp form v.iiti contain things like 
set-toggle of a comtnajuj option or updatetoggle-dsta to show 
the Viihiv \hv user lias eritoretf This nuuiuinism r**flt*cts the 
slate <irtlu^ actioji routine mul its vahiesai any time in the 
user interfat*e. 

There are special personality kejfwords for every action 
routine: 

• ■ action_name_EMRV 

• ■ acfion_naTne_E3<IT 

• laciion_name action -intefrupt-by-taction) 

• 'laction^nams action-t;ontinue-from-iactionl 

' action_name_ENTRY is trigs<'r"CHl iis .sofir; as the action routine 
starts. Nonnally the Lisp ftu'iu cockul for Lliis eutr>' ensures 
the display of the conmiand options filled witli all default 
values, ' action_name_EXIT cleans up ihe user interfiu'c for this 
cornmami and re^uiovt*!^ the oplit>as hum Ihe si reeu. The 
other two keys are trigf^eied when the coinuumd is inter- 
nipted or when it resumes its w(*rk after ;m intemijit action, 
hi this case the coded Lisp fonn normally deactivates ami 
rcactivales the i tfmmand options, since they tire not vali<i 
lonlu^ inlt^tTLipt acliou. 

Delayed Update. A secjuonre of action routine calls (e.g., from 
tiie reconhM 11 le) t>r llu* input of several tokens into ilu* 



input buffer should not cause constant updating of the user 
interface. E>elayed update means that the user interface will 
not keep track of the action rcmtine until the action routine 
becomes interactive, that is, mi til it requires data input fi-om 
the user. At that time the iLser interface of the interactive 
command will reOect its sUile ;ind vidues exactJy. 

A completely parameterized a<*tiDn routine does not cause 
any n^action on the user interface. If a cu nmiand changes 
any status information (e.g,, current part ), this iTiformatiim 
will be up^Jated. Tliesc* uiMlaies bypass the GlTl update table 
using Uie event mechanlsin. 

The tielayed update mechanism is implemented using a />e?- 

sonalily entry stack. Each trigger of a pers-update^symbgl 
ihrougli the at^tion routine handler wiU not lead to a dirtnrt 
execution of the Lisp fonn. All triggers are kejit on tlie per- 
sonality entry stack until the ac^tion roiicine l>ecomes inter- 
active. If an action routine tloesu't recjuire data from the 
laser, aD entries between and including " actiDn_name_ENTRY 
and ' action_name_EXIT are removed from the stack. As an ac- 
tion routine becomes interactive all Lisp forms belonging to 
the personality entries on the stack are perfomu^d until the 
stack is empty. The user interface is again in s>tic with the 
actiorv n)utine state. 

A iDroblem came up mth fully ptu-ameterized action routines 
behijul a command toggle. Normally the ' action_name_EXiT 
trigger clemis up the command tjser infeiface, Imt with a 
fully paiameterized action routine no personality trigger 
occurs. To solve this prolitem tfie system triggers two addi- 
tional pei^sontiiity entries which me called in either delayed 
or undelayerl ujidale mode. Tliese me ' aciion_name_PRE EMTRV 
and ' action_namB^.POST_EXJT The release of tfie couumuul 
toggle is coded in ' action_nafnB_POST_EXIT The need for 
* action _name_PRE^ENTR¥ is distntssed bt^low. 

Personality Context, Ouv reciuireuTent for the user interiace of 
111* PlL/Solittl >esigi u^r was that a couunand should be call- 
iible from other locations as well jls from ftic default loca- 
tion. The motivation was the toolbox, which can he tilled by 
the user witii often-tised commands. The main requirement, 
was that a commands behavior in another context should 
be tH^uivalent l(» its Ifchavior in Ihe detauli contexl, A user 
who calls die extrude cimunand out of the toollxix exi>ects 
the extnide optioi^ in lite toolbox and not t.liose in the de- 
fault menu. The toolbox concept is based on the assumption 
that a command context is specified by: 

' A calling Initton 

' A dialog slu'll, in which the calling button resides 

• A couuMunication form where ihe command options aiv 
shown 

* A shell position where tjie command options are shown if 
they are realis^ed in a separate dialog shelf 

All other things m^e couuuandspecific and independent of 
the context. 

The default context of a command is coded in ' ac- 
tion, name. PRE EI^TRY. Here Ihe ludgrarnnur of Ihe com- 
mands personality (iefmes the context iu wiiich ihe eoni- 
iu;ind should awake as the user types it in. This contexl can 
he overridden when the c^onuniuul is called out of, for exam- 
ple, the Uiolljox. ('ontexi dependent culls of Ihe couunand 
tjcrstmality have to v\wck ilu^ (nrretit corttext settings 
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instead of lta\ing this l>ehavior hiirdcoded in the default con- 
text. This c^onrepl also makes it jjossible to program a to- 
tally different personality for a conmiaiid or to switch off Uie 
user interface of a coriunaiid. 

Stacked Personality. The possibihty of Invoking tlie same 
inleniipi ricliuii several times makes it necessaiy to provide 
a nieThnd (it creating independent inc;aniations of the inter- 
rupt action user interface. This Ls done by separating the 
building instructions of the command option user interface 
into a Lisp function. As an mteniipt action is called a second 
time (or tiilrd, etc.) after an initial invocation, the widgets of 
the latest coniniiUKl option block are rrMianied to save the 
state and contenis. Ttien a uew inf^innation of ihe oi>tion 
block is created using the i)uildjng jiisl ruction function. 
Wlien the most recent mterrupt. action temdnates its execu- 
tion the user interface incarnation is destroyed and the wid- 
gets of the saved option tdoek are renaiiietl again to become 
vahd once more. One hurarnation of I he option menu of a 
command is always kept. All olher^ neressiao^ incarnations 
are created and destroyed at run time. 

User Interface Development Tools 

To spee{l up the user interface development process a proto- 
typing tool was retiuired that would allow mothflcations to 
be made quickly Sjr\ce the command language of IIP PE/So- 
lidDesigner is Lisi)-based and the conunands are mtended to 
interact closely with the graphical user interface (GUI), 
standard C/C++-based user interface builders could not be 
used as prototypmg tools. Such tools would have required 
the standard editycompile/link/test cycle, whicli slows down 
the protol>i>ing process heavily. They also didn't offer Jis{> 
interfaces or facihties to change the GUI of the UAIJ system 
at run time, a required feature. 

In 1989 only a few Lisp interfaces to the X and OSF/Motif 
toolkits were available. Because none of these hail iill of the 
features we needed, we decided to produce om' own. Called 
HCLX, it is a Common Lisp inteifacc to the Xll XI ib, the X 
toolkit iinrinsics, and OSF/Motif widgets (Fig. 1 1 J. It pro- 
\ides Lisp functions for all the fmtctions available hi hbXl 1, 
libXt and lihXm, as well as all the constants and resources in 
the X] I ,h files. It provides timet ions to create, access, and 
modify all the struct lues used by the X toulkit mul Xlib. Wid- 
get class valuables are also defined, aiu1 Conimon Lisp func- 
tions can be used as callback routines in widgets ritul as 
functions for translations. 

.Although it is possil;>le to do all X dm] OSF/Motif-it^lated 
coding m IICLX, exjierienee <lunng the development process 
showed that certain low-level X prog! atnnhng should be 
done in C++. This includes such things as initlahzalian, 
color m^s» and the color button. 

Color Maps. The use of a graphics hbraiy like HP Stai-Base 
and the demtmd for liigh-quality shaded solid models imply 
the need for a private color map \\ithin the gi apiiii's win- 
dows of IIP PE/SolidL>e signer. Wlien rhe graphics window or 
il:s top-level shell wintlow is focused, tlie giaptiics color nuip 
is installed (copied into the thsplay haiTlware) by the X win- 
dow numager. On displays that suppoil only one color map 
in haj'dwnre Iniost of the low-end and (jld displays), eveiy- 
Ihing on the entire screen is displayed using the installed 
color map. UTien a private color map is installed, all win- 
dows using the default color map take random colom. As 



C/C++ 


ilftfi 




Ust>r litli^rfDce DnnveniiBn FunclionH 




User Irrteilace Sgilder 


MOTIF 
X Toolkit 
%\\h 


HCIX 


C/C4+ 


Lisp 



Fig. 11. Tools used to develop HP PE/SnlidDcsigners iiser inlerfacp. 
Hf'LX is a .spp dally crf^ated Conmion Lisp interface ttj Xlib, Uie X 
toolkit, and OSF/Motif widgets. 

soon as a window using the default color map gams the 
focus, the defauli color map is reinstalled, i\m\ the gra|>l!ics 
whiduws with tlieh private color map wiU liave random col- 
ors. As the current color map switches back and fonh from 
default to private, tlie user sees color flashing. To avoid this 
for ttie user interface of HF l*E/Solidt>esigner, a pii\ ale 
color map is used for the user interface windows thai has 
the s^nne entries as the color map useci Tor graphics. Along 
witli the color map, a color conveiter is installed tliat for a 
given X or OSFAlofif rohjr specification tries to fiud the 
best matchu\g color vvitliin die color map. 

Color Button. For the light settings commands, a color editor 
is required to give the user feedback on the colors used in 
the graphics windows. Therefore, a color buti on widget was 
inlierited from OSF/Motif's dra%\m button. The color button 
has a small Stai'Base window in which colors me rendered 
m the stmie way as in the graphics wmdows. 

User Interface Builder 

HP PE/SolidDesigner's user interface builder was created 
using HCLX. During the prototy]:iing phase for the use?' inter- 
face it became ob\ious tliat it is too expensive to train every 
appUcation enguieer in the basics of tlie X ^Tndow System 
and t )SF/]VIotif. The user interface buOder hides X and OSF/ 
Motif details from die application enguieer and offers facih- 
ties to create a subset of the OSF/Motif widgets. 

Unique Nammg. OSF/Motif \\idgeT cn^-ation procedmes re- 
tmii a miique ID for a widget, wliieh must be used wlienever 
a widget is modified or referenced by some other procedure. 
The user interface builder changes tliis. Widgets are identi- 
fied by unique names. These names can be specified or 
created aiitomatically. The user interface builder ensures 
the uniqueness of the names. 

Properties. For every widget only a small subset of its oiigi- 
nal resources are made available. To distingihsh these re- 
somces fiom the full set of resources, they are called p rop- 
ed h\'y. A user interface bidlder property consists of a name 
and a coirespoJiding value, The name is derived frtjiii lite 
original OSF/Motif resinuxe mmie by removing the prefix 
XmN. For examf)le, XmNfareground becomes foreground Some Of 
tise witlgefs callbacks are offered as properties. Callback 
proijenies ha\e as a value a Lisp fonu. wliich will be evalu- 
ated when the callback is triggered. Tlie user inieiface 
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Fig, 12, i "omiiiaiid dialog hoK treated with a rail In cresieHight^eEiU' 

dialog 

builder ensures that Lisp enors \^'ithill those fomis are 
trapped and handled gracefully. After a property has been 
specified for a widget, its ^^alue can be queried and the user 
interface builder will retiuTi the Lisp fomi that w^as usee! for 
the si3ec iHcation. Tliis means that specifT-ing red or #FF0OO0 as 
a value for the property background will result in a retuiTi of 
red or #FFOOQO and not just a pixel value as in OSF/Motif. 

User Interface Buifder Action Routines. All user interface 
builder rommaiifk me offered a.s action routines. They 
make heavy use of the prtjpeity decoders to detect in]3ut 
errors sucli as WTong property n^uues or values. There are 
user interface builder commands to create widgets, modify 
and queiy widget properties, display, hide, and position wid- 
gets, and access the graphics widgets. 

User Interface Convenience Functions 

The user' irilerface ronvenietu e fucuiiou level Is located tjn 
Xo[ ) o f t h e t he us er i i iter fa ce \nnU Ivv I eve I ( see Fig. 11). W h il e 
all fhe user inter! are builder fiiiu tions are closely related to 
OSF/lVhjtHt tlie user iiiierface convenience functions are 
more alistract and not. related to any window system. This 
level allows the prograi^uner of a new command a fast ;uid 
easy-to-u.se implementation of the commiuid's user inter- 
face. The lunrtions guarantee that the new couunand fits the 
]o(jk ajid feel of HP PE/SoIidDesigner's ujser iniedac^e. 

Tlie function create-right -menu-d«alog is used to create standard 
HP PEi/SoJidDesigiier menus which genendly appear on tlie 
right side of tlie tiser interface. The base orever>^ right -menu 
dialog is a dialog shell This ailows moving and positioning 
these menus anywhere on the screen. A right -menu dialog 
can be constructed lop-dowii with various elements. (July its 
width is limited to the size of two standani liutlons- Mg, 12 
shows a lypiea! HP I'E/Solidnesignercouuuantl dialog con- 
st.niet(Ml with a c;ill to create right- menu-dialog. 

With tlie finirtion create-options-hlock, tyi^ical HP PE/SoIicJDe- 
signer user inter face ol>Jects ff>r conmiautl options can be 
creatcHi, An option hlmk vnw never lie without a parent wirl- 
get. This means I hat live fiuiction create-options-btQCk doesn't 
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Fig. 13 Some heterogeneous opdon types 1;hat caii i)p created with 
create-options-btacfc. 

create a dialog shell as a basis, but a fomi widget, w hich is 
realized m a paient widget (generally kxi\ emply h^rm w idget, 
also c:alled a comnumication fomi in tlus arttcle). Fig. 13 
shfjws some of the possibilities nu( of which a lieleroge- 
neons option block can be constnicled. Kach option block 
has lui optional title, a main paii nnfJerneath ihe opti<jnal 
title, aiul an optional suljoption tonii, im empty form widget 
below the nuiin [jaii as a piaceltolder for suboption l>loeks. 

The function Greate-dialog-sheJl creates an empty HP PE/Sc^lid- 
Designer stajuhml dialog shell hi any size. Possible elements 
an' pin, iMleH close. OK, Cimcel. mid help buttons. Tlie empty 
main fVnin can be fjUecl with any user intciface objecls, 
which can be created using standard user interface bulkier 
calls. This function is used to create nonstandaid menus 
such as browsers, the color editor, and so on. 

Conclusion 

The etTfiH put into tJie development of IIP P K/Hohd Design- 
er s use!' imerfa<e was a good investment. The user interface 
Ls one of our key competitive diff'erentiat < ns. Custumcrs like 
the clear" stiticture, e^Lse of use, ;ind ease of learning. The 
LLsp-based implementation allows broad customization pos- 
sibilities. The powerful concepts of IIP PE/St> I id Designers 
user' uuerfaci^ mrd its retlmology |jro\ide a finu foundaticHi 
for future developments. 

OSf /Motif «s a traderrtaffe nf tlifi Dpfin Software Foimdatlon in the U S.A and other miintries. 
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Enhancements in Blending Algorithms 

This article describes a rounding operation for a 3D CAD boundary 
representation (B-Rep) solid model. Complex combinations of convex and 
concave edges are handled predictably and reliably. At vertices the 
surfaces are smoothly connected by one or more surface patches. An 
algorithm for the creation of blending surfaces and their Integration into 
the model is outlined. The sequence of topological modifications applied 
to the solid model is illustrated by examples including some special case 
handling. 

by Stefan Freitag and Karsten Opitz 



Apart fiorri the basic Boolean operations, a modem siilid 
modeling CAD system needs to proi/ide easy-to-use facilities 
for lofaJ modifications of the primiir>^ model. One of the 
most impo riant examples i^^ (he ifioidrng or rotiruljri*^ of 
edges, in which a shai^) e(!ge of the model is replaced l)y a 
smrf'ace Uiat smoothly joiiis tlie two adjacent faces (see 
Fig. 1). 

Blendiiig surfaces sei-ve several pmposes in mechatiieiU 
designs, iiiehidijig dissii)ating stress concentraTionft anfl eii- 
haiuijig fluid flow properties, hi iiddition, some macliijiing 
processes do not pcnnit tlie mrmufaclure of shaip eilges. 
Smooth transitions between sm'fac es are also often reqiiiret [ 
for aesthetic reasons. Besides functional requirements, edge 
blending Ls conceptually quite a simple operation, wluch 
make s it vei^ popitiar among designers using CAD systems. 

A common chai'acteristic of almost, all applications is that 
the smoothness of the blend is more hnpoitant than its 
exact shape. For the user tliis means that it should be pos- 
sible to create a blend by specifying only a few parameters. 
It is then the system's task lo fill the remahiing degrees of 
f I etnl o m in a meanln g fu I m an 1 1 er. 

From an algoriihntie point of \dew, blending one or more 
edges of a solid model simultaiteousiy falls into tw^o sub- 
tasks. The first is to create a surface that provitles the transi- 
tion between the adjacent surfaces defining the edge. 
Secondly, the sinfaces need to 1)0 trinnned t>rnperly and 
integrated hito the body such that a valifl solid model is 



maintained. While the first step is a purely geometric prob- 
lem, the second one involveis both geometric and topological 
operations. 

Tlie Ijlending module in HP PE/Solid Designer was desii^ed 
with tire goal of allowing blendmg of a wide vmiety of com- 
plex edge conibinalions in a robust manner. This is accojn- 
plished through the use of Ireefomi geometiy as blending 
surfaces, along with quite involved geometric and topologi- 
cal considerations in several phases of the algorithm. 

The lack offreefomi surfaces was the primary leason for 
most of the restrictions coiKerning edge tilending in IIP 
PE/Solid Designer's predecessor the HP PI^yME:JO 30 
modeling system. HP PE/ME30's kernel, the Romulus 
geometric modeler, does in fact provide more complex 
smfaces, * but. I liese enhanced blends were never' imi)le- 
mented in tiie ]jroduct. 

The current eapabihties of HP PE/Solid I designer's blending 
algorithm go far fjeyonri IIP PE/ME30 with respect to the 
topological sii ual ions that can be handled rehabty. More- 
over, the arclutecture of the algorithm allows the inchision 
of future enliancements in a consistent manner. 

It is the aim of tills paper to illustrate the basic* blending 
algoritlun liJid to provide the reader with ex^nnijles I hat 
demonstrate the complexity of the geometric aiul tnixjlogi- 
cal problems tliat must be solved to mtegiate one or more 
blend surfaces into a solid model More information on this 




Fig. L (a) A ^ilid modol 
uIlIj sharp fHlge.s, (h) Bdges 
rounded by blending. 



24 Ocl ober 19J)5 Hewlett-Fackajf I Jo\ j ri nd 



)Copr. 1949-1998 Hewlett-Packard Co. 



subject can also be found in Woodwark"^ and the excellent 
survey of Vlda.^ 

HP PE/SolidDesigners underlying philosophy allows flexible 
HMMiificaiions of rhe solid model in every stage of the model- 
ing pit>cess. In the conte^xt of edge blending this nieans that 
it should a]wa>^ be po^ible to remove or modify an existing 
V>lend surfare wiihcjur regard to how it w^ created. 

In the next section, the second section of this ardrle, wt* 
introduce some tenninoJog>' rommonly used m solid model- 
ing, in patlicular in the blent ling conteKl. Tlie third se<Hiori 
(lesciiljes iJie use model of etlge bJending in HP PE/SolidDe- 
Signer. An overview of tlie algorithm is given in the founJi 
section, foUow'ed by a more detailed discussion of its m^or 
steps. Finally, in the last section, we discuss some perfor- 
mance and stability issues. 

Blending Module of the HP PE/SoUdDesigner Kernel 

(urrenily. the blendlitg o])f ration in the HP PE/S^ilidDe- 
sigaer kernel implements what is conunonly kntn^ ti as the 
mUing bttU biend. Tliis t\pe of blend can easily be vbuiilized 
as a baU moving along the edge and touching the adjacent 
surfaces (tlie prima ni surfaces) simultaneously. The touch- 
ing loci are curves that define the boundaries of the blend 
siuface. Depending on whether ihe tadius of t lie ball Ls con- 
slant or varies while it is moving, we speak ofcomfatfl- 
nuliu^ or tKinable-mdhm blends. 

Tlie geometry module of HP PE/SolidDesigner's kernel sup- 
ports a number of different surface types (Fig- 2). Ttie.se 
include the natural quadrics f j>lanes, spheres, cylinders, and 
cont^), to ruses, mu! NniHS (nonuniform ratiouiil B-spline) 
free form surfaces. All of the sinface ty]ies are represented 
parametrically, Tlie object oriented design of the kernel 
alknvs I he use of generic tilgoritlrms for general suriaces as 
well as special-case solutions for paiticular surface ty]jes. 

Most algorithms such as surface/surface intersections or 
silh<mette caU illations hehiive eonsiderably more stably and 
porfomi niort^ efticiently wht^n ilealing with ntmfreeforni or 
mmhjtir si uf aces. Conseciuently, the blentl algorithm tries to 
employ analytic suiiiices whf^jievtM- possibip. This necessi- 
tates severiil case distinctions f hiring die ]jr(Kt*ss of blend 
creation, v^ iiirh will be pointed out later 

Depending on the iiK-^iI geometry', that is, the* convi^xity of 
the edge, ijlenciing an edge may iiu^ohe adding or removing 
nmteriai. These operations are sometimes distinguished as 



fiUetmg or munding, respecthely. In this article we will 
refer to both cases as blends. 

If several edges to be blended meet at a common vertex, the 

blending surfaces should be joined in a smfMith manner We 
call these transitions verfar tvgimts because they replace a 
vertex by a set of siufaces. In some special cases, a vertex 
region can be definecJ by a single analytic surface like a 
sphere or a torus. In general, however, they are defined by 
up to six Eangcntially connecttHi E-spline freefonn surfaces, 

HP PE/Si^lidDesigner belongs to the class of B-Rep (boimd- 
ar>' representation) modelers, in whic^h the solid model is 
represented inteinaJly as a set of vertices, edges, and faces. 
iti addition, the representation contains information about 
how these entities are related U) each other — that is, the 
topologtj of the model. B-Rep modelers usually employ a 
n^stricted set cjf operations tt> t^erfonn topological manipuUi- 
lions of the model The application of these Enter opera tot^ 
ensures tlie toi>oU>gu^ integrity of the modeL 

bitegrating one or more blend faces into a solid involves 
4[uite a nunil)er of t<.jpoiogical modituations and different 
Euler operators. W'e will not dLscuss the underlying concepts 
in detiul here, l>ut refer the readier to the standanl sourx'es,"^^^^*^ 
For our puriJ^>^^'^* tl suffices to know^ that the blend algo- 
rithm employs these basic operators (for extunple, ADEV, 
AOED, KEV. KE) to create the new topological representation of 
the blended botly. 

The blend module also takes advantage of basic functional- 
ity provided by the geometry' module of IIP PE/SohdDesign- 
crs kernel Ex^unples are closest-point calculations with 
respect to a cun'e or a surface. W(^ call tliese opera! tot us 
wf axing a point on a curve or siirfac t*. Hi is applies to 
curv'es or surfaces of any type. P'or inslance. it Ls ofteti nec- 
essruy^ to relax an arbitrary point on the intersectic Jti cun^e 
of two surfaces. Since these o[»Taticins are pjurt of tlie ker- 
fiefs generic functionality, we will tiol go into the detalLs of 
I heir implementation, 

Using the Blend Command 

Like ail of IIP PIv'Sol id Designer's (xjmmands, the user inter- 
face for the blend t onntiatid is dt\signt*d to be easy to use 
and require as little ini)iit as possible trom tiie user This is 
greatly facilitaleil l>y stnne general nuu hanisms usetl 
lluoughout HP PH/Soiidl)esigners user interiace such as the 
stHection methods and the labeling feedback. 




Fig, 2. Df'tJiil frcmi Fig.l showing 

i i \ f li ' n^t It I y pr's n f ^] irfa cos ern- 
plnyiMJ by |}n' b]**ndJng MlM^irUhm. 
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Tlie biend commaiitl <listingiushfis two modes: the defini- 
tion mode and the preview mode. In deflniriori niorlr. single 
ur nmltipie edges can be selected and assigned a radius (of 
the rolling ball). Variable-radius blends are specified by stmt 
and end radii to be assigned lo tJie end vertices of the edge. 
Since the choice of tiie start and (*nd vertices is arbitrary, 
the vertices of the cun-enfly selected edge are niarkeri witli 
labels. Tiie radius oftiie rolling Ijall varies lineai^y between 
the two end vertices of ihe edge. 

Ail important feaiurc of the blend conioimd is its abilily to 
handle both types of blends simuJtaneousIy. This gives the 
user the abihty to specify mi aibitiaiy i (jmbinatiuit of cuii' 
stant and v^iriable radius blends, each will] possibly differ- 
ent radii, iri a shigle blend session. 

The blend comntand uses straigiitforward radius defaulting. 
For example, the constant radius ni Ihe active edge carries 
over to aH subsequently selectetl etiges mil ess the user 
chooses a new radius exphcitly. 

Willie processuig the selected edges, the algorithm decides 
about the inclusion of a vertex region t o provide a smooth 
transition between Ihe blend surfaces, A vertex region will 
be created Lf all edges adjacent to a particular vertex are to 
be blended in the same session. In other words, a vertex 
region can easily he suppressed by blending adjacent edges 
one after another. 

hi preview mode, the blend faces are shoiivTi using a preview 
color Modification of the radius or the edge information is 
not possible in lliis mode. liowevei; upon returning to the 
definition mode, the user can specify further edges to be 
blended, modify the blend radiiLs assigned to an edge, or 
remove an edge from the list. 

Tiiere are two w^ays to terminate every comniand In HP 
PE/Sohd Designer Caiicehng the blend command causes the 
blends to be discarded, wlule completing it makes the 
blends "real/" 

For conveniervce, tlie blend menu contauis a small number 
of options: 

• Ttie part checker usually nm on the blended part can be 
switched off to provjcie a faster although ]:)ossibly invalid 
result, 

• The lal)els attached to edges and faces, which might be an- 
noying if a large nmiiber of edges Jire selecredj can be 
turned off 

• A chain oiJtion allows the user to select all edges corinected 
laiigentially to a given edge by a single pick. 

Because of the co!uplexity of tlie operation, blending one or 
nuihiple edges sometimes fails. While st>uie problems are 
easily detected, others are caused by topological or geomet- 
rical restrictions rooted at a relatively low level A typical 
example for the liret khid of problem is tlie case where the 
blend radius is chosen too large, hi any case, a failure is re^ 
|.>orted to the user by ilisplaying an error message and high- 
lighting the edge that is caiismg the problem. 

How the Blending Algorithiii Works 

As noted above, the rolling ball blend provides us with a 
veiy intuitive way to define a blend surface. Wiule moving 
along the edge, the ball sweeps out a certain volmne. The 
blend surface is simply a part of the surface botuiding this 



volume, hi mathematics, sLirfaees that are swept out by fam- 
ilies of UKJving spheres are called (fnifil snrfmrsJ The cylin- 
der anrl the tortjs are the most ol)vit>us examples. 

A number of Ijlenrling problems can be handled by inserthig 
surfaces of tliese tytjes. We will rtier to these cases as ana- 
ijtjtic blends. In other than the simple cases, however the 
explicit representation of a canal surface takes on quite a 
complicated foim. Therefore, ar^ afyproximation of Ihe idt^al 
blending surfaces by freefonn blejuls is construe! ed. in pyr- 
licular, we use C^-t^ontiituous B-spline surfaces. 

Tlie general algorithm is divided mit) a number of smaller 
modules. Each of these modules tyiJically scans over all 
edges to be blended and perfonns a certain litsk. However, 
care is taken tliat the result is symmernc*, that is, it does not 
depend on the oixler in which the edges are operated on. 

The task of the first module is to filter out all cases where an 
analytic solution exists and Hag the c orresponding edges 
accorduigly. In the second step, the touching curves of the 
ball with the primary surfaces are calculated. Wliile this is 
siraightfoi-waid for analytic blends, the boundaries of free- 
form blends must be computed mmierically, Tiiis is accom- 
plished by a marrhhff) algoriUim. 

Having calculated the boundaiies of the blend smiace, we 
detennine their intersection points with other edges. It is 
oh en necessary to remove edges from the model to fmd 
useful interseciion points. This is the first step that possibly 
involv^es topological modifications of the r>i iginal body. 

Other TUc^ior changes to the model are done in the next t:wo 
modules, which represent die blend face topologically The 
first module performs the zipping of the original edge, that 
is, it replaces this edge by twTj ne\\' t^nes comiected to the 
same end vertices. Secondly, the a[>propriate topology at the 
end vertices is inserted. 

From a topological point of view, the model containing the 
]>riniary blends is now coniplele. However several topologi- 
cal entities are still without geometiy. The surfaces corre- 
sponding to the lilend faces, for instance, are not: yet de- 
fine d„ These are t omputcd in the next module based on the 
already available h<ivu idary data. 

Furthennore, the surfaces need to be trimmed at the end 
vertices of the origin^d edges. Tlie triuuuing curves of the 
surface are, in general computed by iiitei^ectlng them with 
adjacent surtaces. However it might iilso be neeessarv to 
intersect tw^o adjacent blend surfaces created in the same 
session. The intersection curv^es are then '1itmg" tmder the 
corresponding edges. 

Finally, the kist niivjor module performs the inclusion of ver- 
tex regions, both topologically and geometrically. Tliese 
steps will he described in more detail later. 

Analytic or Free form Blends 

It is not difijcult to hst all cases w*here a cyhndrlcal or t.oro- 
dial surface fits as a blend between the two ]3riniaiy sur- 
faces. The simplesi case is the one in which two iuiersectiug 
planes blended l.jy a cylintiiical surface. .A. torus can be used 
wiien blending the edge between a conical and a plaiiai" sur- 
face as shown in Fig. 3, In a first paas over all uivolved 
edges, the algorithm tries to match one of the crises w^here 
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Pig. 3, A tonis f>r 



i*>th bipiiding of r he eilge bi'twtH-n 



such a solution exists. The corresponding edges are then 
Qagged as analytic. 

The decision about when to employ analytic or freefomi 
blends. hc*we% er, m also dependent on other, more global 
factors. For exatiiple, siii>pose that ttiree cylltidrical blends 
with different mdli meet at a common vertex (Fig. 4). This 
necessitates the inclusion of a freefonn v^ertex region. De- 
pending on the numerical tolerance used in the system, this 
might lead to ^ er>' expensi\'e B-spline surfaces in terms of 
data generated (tlie B-spline boundaries of the vertex region 
miist lie — ^witiun some tolerance — on the acUacent cylin- 
ders). Therefore, it is often necessary to use freeform blends 
rather than analytic ones at a subset of tlie edges for the 
benefit of reducing o\eralI data size. The corresponding 
checks are done in a second pass over the edges. 

Ah a side-effect of switchuxg from m^ analytic to a freefomi 
t>lend for a particular edge, otl)er edges arljacent to this one 
might be aJfected, This is also taken caie of in tlie second 
pass. 

The results of these operations are flags attached to all In- 
volved edges and their end v>*rtirps whifit tirnvide infonna- 
tion to all follcn'i in^ modules about the types of suifaces to 
be used. 

Blend Boundary Creation 

The tiisk of the second module is to compute the blend 
lioundaries and tangeney infoiTiiation along these curves. 
This informatitjir will be used later for the constntction of 
the blt^nti surfaces. Tlu^ eiilculatirjji til' the bf>undaries for 
rylindrieal and torofhal hi ends is a straightfonvanl exercise 
in aiialytic geometry and will not be describetl here. More 




invoh'ed and computationally more expensive is the general 
ease, whicli wiU be the main topic of this section. 

A miyor a(i\ aniage of rlie rolling4>all blend is that its defini- 
tion can Im* put into maU^ematical tenns cjuite precisely. Siip- 
jKjse a ball with radius r moves along the edge l>etween the 
primary' surfaces. Tlie curves wliere the bjill touches tlie 
surfaces will be ihe boundaries of the blend surface to be 
inserted. Tlie center of the I vail mmes along a tliird ciu^-e, 
the spiuf" of the canal surface. If the radius of the ball 
changes while rolling, the cun es touching the surfaces will 
define a variable- radius blend surface. In HP PE^SohdDe- 
signer a general B-siilirie cur\'e is used to define the mdius 
fimcdon. 

The spine lies entirely on a surface with constant distance r 
from the original surface. This is caJkxi the oXf^^-f surface. 
This applies to both primary surfaces. Tl^erefore, w^e can 
calculate the spine as the intersection cune of the two off- 
set surfaces (Fig. 5), 

Computing surfaceisurface inteisections is a ubiquitous 
problem in solid modeling ;uid many algorithms have been 
de\ised for its solution. \Try popidar are the niareiiiiig algo- 
rithms, which trace out the intersection cnir^'e starting from 
a given point in its interior. In our blending algoritlun. we get 
such a starting point by taking the midpoint of the original 
edge and relaxing it onto the spine. The entire cun-e is then 
computed by marchu^g the intersection of the two .surfaces 
in both directions. The marching slops when the curv'e 
leaves a certain 3D box proviiJert l>y the calling routine. The 
boxes are chosen such l hat the resulting blend surfaces are 
large enough to fit into the model. 

The particular strategy we employ for the marching is to 
reformulate Uie problem iis one of solving a differential 
equation in several unknowns- The sokition is then eom- 
pute<! by a modified Euler tru^thocl 




Fig. 4, ThmLMryiindHcal hleiicis ^'i\]\ difffTrMil radii rinin>'< ^ 
by a fn^eform vertex region. 



Fig, 5. The iivuUs'v iA'Uw rolling hall m«->vra on the intersection 
curve botwf-eri the two offset sijrfacj<?a. 
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A common problem in majching algoritlmis is the choice of 
ail a|)iJrnpriate step sizp. Choosing the step size too bi^ 
jTiigln leati the algorithm astray. On the other liaod, verj' 
siiialJ steps usually guaraiifee convergetiee of the method 
but might generate too mucli data. Therefore, we use an 
adaptive teclmique Ijasetl upon the cun^attue of the intersec- 
tion curvT*: a small run^ature irichcates that the intersection 
cun e behaves ahiiosl like a straight line. This means that we 
can pro^teed witli a lai'ge step. On the other hand, if the 
curv^e bends sharT:>ly, t hat is. its cur\ atme is large, we use 
veo' small steps to cajjture all of it-s tun is. 

The result of \liene computiyions is a set of isolated pointe 
lymg exactly on both offset surfaces and thus on the spine. 
C'oneepliially, the coiTesponding points on the blend bomid- 
aries can be determined by prtijeeting these points onto the 
original surfaces (Fig. 6). hi fact, for paranuHric surfaces 
tiiis operation Ls trivial because the offset suiTace inlierits it^ 
panmveterization from the oriderlying suiTace. This means 
that we simply iiave to evaluate the primary smfaces at the 
parameter values of the points on the spme. 

The blend boundaries are now created by constructrng cu- 
bic Hennitian segments betw^een the given points. Howe\"er, 
we still have to check whether the entire segment lies on the 
siuface, withjri n given tolerance. In cases where il doesn't* 
we Qse a fast bisect ion method for ''pulling" the run e seg- 
ment onto the siu'fac'e. 

While the intersection curv^e — and tlms the blend bomid- 
aries — aie tj'aeed out^ we also collect tmigential inforrnution 
along the bonndaries. This Lnfomiadon is useil in Hte surlace 
creation step to conslnict smooth transitions between the 
primary surfaces and 1l\e blentl siuface. Tlie same bisection 
and representation tecluutiues as for the bomidar>^ carves 
are used for these cross-tangeul curves. 

Before we conclnde this section, we still have to address the 
question of singulaj ilies, whicli are critical for every marctt- 
ir^g algorithm, hi our context, we tiave to deal i^ith two 
types of singiihuities: those of the surfaces to be maiched 
and those of their intersection. 



Tlie first problem is illustxated in Pig. 7. Wule a small offset 
leads to well-behaved ourv^es, larger distances result in off- 
set ciu^^es with rasps or self-jntersectlons. Analogonsly, we 
might have degenerate offsets of the piimary surfaces if the 
dLstanee (radius of tlu' [)leiid) is chosen too hirge. For too 
laige a radins, a rolling tuill Ijlend is not possible. When such 
ashiiation is detected ttve [narchirig stops, the entire blend 
algorithm stops, and the user is advised to tO' the operation 
again with a smaller radius. 

Tiie second type of singularity occurs if the priniary surfaces 
and consequently their offsets possess a common tangent 
piane (Fig> 8). These iangenikil hitevi^ect ionf^ \)i\ni:-^i\\y 
create the biggest problems for marcliing algorittuns. 
Loosely .speaking, it is ^"er>^ difficult to tlnd wlieie to go at 
these points. However a rollhig ball blend is stitl weil-de- 
One^t Tlie touching cnrv^es of tlie ball aie identical with the 
origiiKil edge, and the blend surface degenerates U> one with 
zero width. HP/PE Soli dDe signer's kernel enforces the rule 
[hat these extraorduiaiy pomts may only occur at the end- 
points of an edge. Tliis considerably eases the task for the 
blending idgorithm. h is quite simple to check whether the 
IruersectiofT cune degenerates at hs endpoinls. This intV^r- 
mation is pro\diled to the routine that performs tlie march- 
ing. Since the algorithm starts at the midpoint of the inter- 
section cun'ej the occunence of a suigulai point of tins type 
indicates that we ha\-e reached one of liie endpoints of the 
edge. 

In a final step, the segments of the bomidaries ajid the cross- 
tangent <nnves are merged into C ^-continuous B-splines. The 
overall result of this module consists of four C ^-continuous 
curv-es with a comniou parameterization describing the 
boimdary cmves and tangency information of the blend 
smface. 

Trimming the Blend Boundaries 

After creating ilie blend boujnlaiies we need to integrate the 
l30undaiie.s into tlie body. Most impoit^mt. we ha\e to fnul 
the position where the boimdciries are to be trinniied. Fig. f) 
shows a paiticularly simple example. 

The six point^s shown in blue can be calculated by ijitersecl- 
uig the blend boundaries with the atljacent edges at the end 




Fig. 6. The Hem\ l>aurularies (red) are created by maf>pl!ig the 

sjjine (black) onto the pnraar>^ siirfaces. 



Fig. 7. Wlien the Ulend radius is chosen roo big, tho l>]end jiniindao- 
v\111 Imvea cusp (red curve) or even be self-mtersecting (i;>kck 
cun-e) , 
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Fig. 8* If the pmnaiy surfaces have the same nanrmi along the ecigc*, 
liie bleird surfaa* (blue) degenerales. 

vertices. However, usually the set of edges to be blended 
with possibly different radii is not limiied to one edge but 
may roiUain several edges or even all of them. This means 
thai whili* ihf^ boumlaries of agivpu blend Face iut^ being 
trimmed iliey must l>e intersected vtlth other blen<l l^ound- 
iiries ereated in the same session (red points). 

Intersecting a blend boundary with an existing edge of the 
solid niodel may have three re.su Its: 

• One interset^tion point found. This is the geneml case, 

• No InTersection fovuul. The edge is too shod to be inter- 
sectetl by tlie blenii boundar>^ In I bis case the edge will be 
removed from the model The ecjge newly attached to the 
vertex will now^ be iittersected by the blend boundary. Re- 
peating this procedure guarantees tlie existence of at least 
one intersection point. 

• Multiple intersection poinLs found. Such a situation migltt 
occur, for instance, if the adjacent edge is part of a B-sptine 
curve ''wiggling'* around the blend boundary. In this case, 
the most valuable intersection j)oint hits to hv e!rosc*n. A 
va3ual>le poini in this context is the one that produces the 
most predirtjible and expected result. 





Fig* 10, Selt^t tifig the t'orrert iiiterserdon point tx^tweeii a 
blend houndarj* and an adjacent edge slso depends on the 
lr>f;al j^urrpunding geometry. 

In fact, very often tiiere are several possible solutions and 
all of them result in a valid sohd model Several different 
criteria iu-e used to select the best interseetioti |>omi. Fig, 10 
show^s two exajnples. The remaining intersection points are 
ignored. 

Creating the Topology of the Blend Face 

Having computed the trimming points of the blend boimd- 
aries, we build up the topology of the l>lend face. Tlie first 
step is similar to opening a /Apper. \ he (^rigii^al c^dge o\' iJie 
bwly is repiacxnt by two new ones cor met ted tt> the same 
vt^nices. The new face Is then exiended hi its end vertices. 
More pret isely, four new edges— two al earli end — ;ire 
added. U\ addition, the atyaeent edges are split at the four 
lr(nuriinK|>t>nt*s (Fig. II). 

Blend Surface C'realioii 

Now the face is ready for the mcliLsion of the blerul surface. 
There are two possibihties. in the first case, analytic sur- 
faces are inst^ried basted on the detision made in !h<' first 
module. Possible surface ryi**^-^ are cylin tiers, cones, and 
toruses only (Fig, 12). Ln all other cases a freefonn surl'ace 
is creaJed. We ust» ('^-continuous B-spbne surfares. This 
surface is defined by the blend l>oinularies created by the 
miuching algorithm, tlie tangency inlVjnruitlon along tliese 
boundaries represented by cross tangent curves, and the 
fact that the blend surface should have circular cross st^c- 
tions. Hsing this knowledge the surfact* can be created very 
easily. The t ircuiar cross section is approxinuiled by a single 
culiic li-spline segment, .\lthougli not preeise, this afjproxi- 
niation is sufficiently good for practiced purjjoses. In fact, 



X" 



Fig, 9. The hieiul iKjiindaries are trimmed at rx>int^ where diey 
iriEeiMrrl ;ifljiu(*nt edges (blup) iir anothi^rhlinHl l>r)undar>' (red) 
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Fig. 11. f'rpaUti>T tlie tnjHjl(jg>' of a liN^nd fare. 
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Fig. 12. A ivtodf 1 eontainiixg only anal^lk blend surfaces: 
cyliiider, c: 01 res, arid tonis^.5> 

given the input data for the cross section — boun clary poii^ts 
and ti!Jij(ent directions — we use aii optimal approximation 
haseti on a mctliod described l>y Dokken/'^ The boimdar>' 
cui\e inrtmiiation aiid parameterization traitsfer tO recti y lu 
the surtaoe (Fig. 13). 



The siniplesi type of teniiination issue arises when there is 
only one edgi^ to lie blt/nded, Bo( ti boundaiies miisf be 
joined at tlie ends of the b\eud face. Tlie easiest way to do 
this Is lo intersect the bieiid face with all edges and faces 
connect ed to its end (Fig. 14). hilei-seciing the blend face 
wiUi Ihese edges creatt^s irv(ersei1ion ]>oijils wliicli ai'e to be 
cfjnnected to fonn tJie l)oiindarj' of i [le blend face. 

The intersection ]ioints are Ccilnilatetl by rni"%e/sMrface in- 
tersections between the biend surface and the curves of Uie 
eclges at the end of tlie hlenri face, hi general, a curve-Zsur- 
facp mterse^^•ti^n will result in multiple intei'Hcction pojjits. 
In this case, ilw one chosen is tlie one closest lo die vertex 
of tile edge I o be blended at diis end. 

If there is no intersection point of the blend face and an 
edge this edge is removed from tlie mode] usuig the Euler 
operator KEV. If tin s edge is the last one of its face, the face is 
remos ed using tJie Kuler operator KBHV Remo\Tiig im edge 
iiietms discoimecting it from its vertices imd filling the gap 
by connecting otiier edges to these vertices. Tlie newly con- 
nected edges hnvv to be hi terse ctcd with the blond face, too. 
However, if one of these edges is also to be blended, an in- 
tersection between its blend lioundaiies imd the blend face 
is calculated. The intereection pomts are Uien connected by 
inteiBection tracks of the biend surface and tJie actjacent 
ones, hi general, the result of this surfate/surface interst^c- 
tion calculation is a set t)f inlerserlion tracks. Tracks that do 
not contain die intet^ectitjo poirus <lescnbed above die fil- 
tered because diey are not neetied. llie remtunhig tracks are 
sorted by the distaiice between two intersection points, Tlie 
shortest aic is the one chosen because if minimizes the trim 
area at diis end. 



TYimiiilng the Blend Surfaces 

Tlie iast step in integrating the biend surface into the solid 
mociel i.s to triiiT it at the ends. The ganl is to keep the trim 
aiea as simple as possible. 

L'nfoitunately, the authors of many edge-blend algoritlniis 
assume that they are dealing wit h a Iriumied-face siuiace 
model and they offer no suggestion aljcnit whut to do at the 
ends (it the edge to l>e blended. Tlie topological mnl geomet- 
rical issues me quite complex, especially when nutUitJle 
edges meet at a common vertex. 







^-' 



Fig. 13, Creating lite geonietrj' of a frpefami bktnd sLirfacie: Liip 
control polygon of Uie blend iKiimdaries (left) mid tlie resulting 
blend Knrface (nglit). 




Fig. 14. lYilTLniing a blend surfiu** involves a number of curve/ 
surface inteTsections [red points) and surface/surface iuter- 
ijec^tions (blue cur^'es). Note hctwthe faces marked dark red 
are *'eaten up" by tiie blend face. 
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Fiu, 15, When more ilmii iwu etiges to be lileiidfi^l meet at a 
commcm vertex, a vertex region is inserted to c!onnecl the blends 
snioothJv, 



\lertex Regions 

A totally different 5>ituatiijri occurs wher\ inure than tvi'D 
edges meet at a cominun vertex. Iti this case a set of addi- 
tional faces and surfaces niusf be created tn build a traiisj- 
tiori i>att h ihaf srnootJUy connects all of the blend faces 
meeting there. This set effaces is called a vertex region 
(Tig. 15), 

In some special cases a vertex region has only one face, 
which is an anal^vtic stiff ace (st>here or tortis). In general, 
however, a vertex region will contain three or more faces, hi 
UP PE/Soliti Designer the mimber of faces lit a vertex region 
is cno'cntly limitetl to j^ix. 

Topologv of Freeform Vertex Regions, At a vertex where five 
edges to be bl en tied meet each orliei; the roiiologj' s1io\mi m 
Fig. l(>a arises after extending the biend faces as described 
above. The blending algorithm transforms Oils topological 
sitiiation by integi'ating five faces, each having fottr edges, 
as shown in Fig. 16b. Tiansforming the topology requires the 
use of the Euler operators KEV, ADEV, and ADED to kill an edge, 
add an edge, mid add a whole face. F'ig, 17 shows lite se- 
qtience of Eiiler oyieratore. 

Topology of Analytrc Vertex Regions, Wlien a sphere or torus 
fils LI veil ex region (he lo[)olog>' is cluinged in another way. 
hisiead of the "star" where ihe blend faces meet, a single^ 
face will be created usitig KEV and ADED, as shown in Fig. 18. 
Fig. 19 iUiistrates the algorithrn, ?sliowing tlie transformation 
step by step. 

Geometry of Freeform Vertex Regions. After creating the topol- 
ogy' of ii vertex region, the corresptinding gef>nietry must be 
constructed and integrated. To provide a smooth transition^ 







Fig, 17. Sequenn' of Kuk'T ofH^ramrs used to iinmsfonn the lopotogy 
fjf Fig, 1 ^^a lr> t!ip oue tjf Fig. Ifib . 

the siir) arcs must satisfy two constraints. First, their bound- 
aries nnisl r natch ilie ones of the adjacent surfaces. Sec- 
ondly, the vertex regions and Ihe til end surfaces should pos- 
sess rhe same timgent planes along tlieu' common 
boundaries. The constmction of vertex regions satisfying 
those constraints is a classical problem in geometric model- 
ing.'^ Among the matiy sohiHons. we mention the one pro- 
tjosed by Charrot and (JregoiyJ ■' They fill a vertex region by 
a procedurally tlefined sttrface, d\at is, a surface that does 
not have an analytic mathematical representation but rather 
i.s dell net! by a metitod of generatmg it. Since the geometrj' 
kernel of HP PEl/SohdDesigner does not .support f his t^vpe of 
stirface, we employ an algoiithm that generates a set of four- 
sided B-spline smfaces. More precisely, for fillmg ai^ n-sided 
hole, we use n B-siiline surfaces (jf itolynomial degree 6 in 
both parameter directions, 

Geoinetry of Analytic Vertex Regions. From the geometrical 
point of view analyiir s c^riex regions are quite easy to com- 
pute because^ only one stuface is needed and the surface 
tyi^e will be either a sphere or a tortis. 

Transition Curves. When large radii are combined %\ith very 
small radii, a vertex region can look ver>' strange, deformed, 
or even self-mtersccting. like die left solid in Fig. 20. hi stich 
cases, instead of a three-sided vertex region, a foim-sided 
one is used, giving a result like the right solkl ui Fig. 20. In 
general, an (n+l)-sided region is used itisteafl of mi ji-sided 
region. This is done by introducing a transition cun^e be- 
tween two boundaries sharing the same face. The transition 
curve is used whenever an uiiersection of two boundaries is 




Fii^, lit. (a) Ttj|>cilojL?y ufu Vf'jl>'\ n-^km wUmv llv*' lack's wivd 
ridev f.viLnidingtlii^ f^df^oa. [h] Topoioftj' created lor rlu- tf^irt*- 
semati<jn cjf the vcrUtx r<!gii>rt, 



Fig* 18* Wfirn |iurl ofik s[ilit^rp HtH sis a v^-rtcx region, a single faee 
is t rejileil. 
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Fig. 19* Soquenff^ of Euloi oporatDrs w^al t:n create the facte 

"behind" the direct connection of its nel^boring mtenjec- 
lion points. 

Geometrically, the txansition curve Ls a B-spline cun^e de- 
fined at itfi end points hy tangency conditions to both boimd- 
aries and in between by a tangency condition to the corre- 
sponduig face. This curve Ls created using an adaptive 
cnivature-controlled bisection algorithm similar to the one 
used to create tlie blend boundaries. The endpoints of tlie 
transition curves are constructed such thai the cross section 
of the resulting blend surface is tm isopaianietric of this 
smface* In certain cases it is also necessary to in sen a trarv 
sition curve to smoothly conned two nonintersecting acya- 
cent tileiui boundaries. Fig. 2 1 shows an example. 

Special t'ases 

A reliable blending a]goritlmi must be able to handle various 
topological and geometrical special! cases prediciably* Four 
miyor spc^cial ciises are timgentiaf intersections, apex cre- 
ation, a singuiaiity at the end ot a bletid surface, and closed 
curves. 

Tangential Intersections. Real-life solid models often contain 
edges connecteti tangential ly at a vertex tt) iui other edge. 
Blending these edges will result in very complex and time- 
consmnhig suri ace/surface intersecfions in the pmcess of 
tritnmiug the blend fiices at the common veitex, especially 
when their radii differ only slightly. 




Fig. 21. A transition e!urve 0ower edge of the vertex region) Is 
aiso iitst^rted when two adjacent blend houndarior; around a vt^rt^x 
rfgion dotvi intersect. 

If two boimdiiriesare langenlial to othei-s, the intersection 
point ctUculation is numetically very unrehable and expen- 
sive. In addition, botJi bk^ud surfiices .share a conunon re- 
gion of p^irtial coiru;i(ience, .so the intersection track calcula- 
tion is even more expensive than the intersection point 
calculation. 

To avoid these prolilenis, two etiges lo be lilended are han- 
dled in a toliilly different way. No curve/surface or surface/ 
surface uitersections need to bt^ ralciilati^d. Rat be r, an addi- 
tional face is c:rea1ed thiil sroooltily tt^nru^ds the two 
surfaces (Fig. 22). 

Apex Creation. If an edge to be blended is concave, Tualerial 
is added to the solid model. Tliis means that other edges 
become longer and faces become larger* and soinethnes a 
singultu- point moves into a face. HP P^VSt >l id Designer re- 
qiuies a topological entity, a vertex, rigiil at the apex in tJiis 
case. There fV>re, after creating the l^lend face the retiuired 
verlex is atlded ( Pig. 23). 

Singularitv at the End of a Blend Surface. Someiinies at an end- 
point of tile edge to l>e blended the surtaee normals of tlie 
atlja^'ent stirfaces <n"e etiiia) — for example, two cylindei's 
vvitli tlie same radius intersected orthogonally (Fig. 24). In 
this case iioth boundaries of the bleml surface meet at a 
common point where both surface nonnals are equal. There 




Fig, 20. Wlion tho vrrtcx rngiori would be too Uidly deforniccj^ 
ju afldirional transition uurve ib inserted to provide a smi>t>tlier 
transition. 



Fig* 22. Additional faces (red) are imseried who^ at^jacent blends 
are Langentially connected. 
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Fig. 23, Wi\im material is added by blending an <Hige, an apex 
mghi move from The boimdao' to the inTrtrior of a face, 

is no need to execute the triniming pail of the blend algo- 
rithm because the sohd is already closed at that end. 

However, from the geonietncal point of view, the blend sur- 
face is degenerate. One side or in tliLs case both sides of the 
blend surface aie degenerate isoparametric boundaries. This 
means that ev aliiating any parameter space [loint at tJiis 
surface bomidaiy results in tlie same object space point. 
Tliis object space point is the position where both blend 
bo im dimes meet and the at^facent surfaces have the same 
surface normal. 

Dat^ Size and Performance versus Accuracy 

The size of the data stnictures thai rej) resent freeform ge- 
ometry mainly depends an I he nimiher of control points 
defming tlu^ cutve or snrface. In practice, cmves can have 
llun(hetls of control pouUs and surfaces mimy ntore. As ^m 
example, let*s consider a niefhum-size surface with 500 con- 
trol points with three coordinates each. In double-precision 
foiniat, such a surface^ rei|uires 3 x 8 x 50(1 bytes {>r a[) proxi- 
mately 12K bytes of memory. In fat^t, a real-hfe model may 
contain matiy freeform siufaces. It is therefore quite impoi - 
taut to reduce both the number of such surfacc*s and tht^ 
nimilier of control jioints used to represent tiiem. 




The size of a freeform biend stirface is basicaily detexmined 
by the complexity of its boimdaries Boundaries wilh n con* 
tTo\ poinLs lead to surfaces with 4n control points. Conse- 
quently, it is critical to generate approximations of the *'true*^ 
blend boundaries with a minima! amount of data. On the 
other hand, the creation of the blend boundaries is one of 
the miyor factors deiemunuig the algorithm s overall perfor- 
iiuutce. Finding an acceptabie compromise between the con- 
fljcling reqnirentent^ of speed ainl quality of the sohttion is 
an important design decision in tlie algorithm. 

The same applies lo the surfaces use<i for filling the vertex 
regions. The size of such a surface is quadratically depen- 
dent on ibe si/e of its iKJimdary ciuves. Lets again consider 
an example. Assume that the boimdaiy ciu^es of a three- 
sided vertex region are general intersection cun-es between 
the primary^ blend surfaces and planes. It is not uncommon 
for approxitnanons of those cur\es to contaiti 50 control 
points (HP PEI/SolidI)esigner works \\ ith at! accuracy of up 
to 10^ '^). This would leatl to a \ ertex region of 3 x 2o x 25 ^ 
1875 control points (three surface patches of 25 x 25 control 
pouits each ), lequiring 3 x S x 1875 bytes or approximately 
44K b>tes of data. Clearly, this is unacceptable for nontrlvial 
models. 

There ;n"e several possibilities for reducmg die ^mioimt of 
data. Tlie most critical factor is the approximation lolenmce 
used ui the system. For example, reducing the accuracy 
from 10 ~ *' to 10 ' '^ typically reduces flte size of freeform 
data stnictures by a factor of ten- .^ot only are the geometric 
calculations speeded up considerably w hen ttsing a lower 
accttracy biu also the oveiaU t>erfonn;mce of the sj'stem is 
improved because of the retiuced demand for memory man- 
agetnenL HP PB/SolidDesigner offers fhe user the alnlity to 
selecl I lie accnr;icy in a i tinge of 10 ~^ to 1()~'\ Tliis allows 
the user to t hoose between higb-precision modeling and a 
faster but less precise approach. 

Secondly, the handling of spet^ial eases ciin ri'diice tlie 
amomit of data signific^aiitly. Lef*s again take a took at free- 
font! vertex regions. If I he t>riniary blend surfaces are 
created such thai I lie iHumdaties of lite vertex regions are 
isoparimietric curves of the primary 1)1 ends {the procediue 
for doing this is beyond 1 he scope of this arti<:le J» the 5(1 con- 
trol points can be reducetl to 4. The vertex region will then 
contain 3x7x7- 1 17 cottlro] [j(jints (Ibe additioiud control 
points along the bouit(iaries — sevt^n rather than four — are 
the result of the mathematJcid construction), for a total of 
approximately ;i.5K bytes. 

Another example is the trimnung of a Ivlend face. In this step 
a ntunber of surface/surface intei-sections miLst be cahnj- 
laiecl In getienJ. ^ui inter^et^tion of two surfaces will result 
in not only t>ne rutve, but several intersection points, 
curves, or even surfaces. However, in tlie blending context 
there is impoitmit knowledge about the blenci surl'ace imd 
the face it imersects. At least otie and in some cases t^^^o 
points on the itUersix'tic^i track an^ known from the ])reced- 
ing t:ui"\'e/smface ititersec^tifiiis. Providing thest* pohits as 
"seeds" to the intersection I'outines increases both the speed 
ami tlie reliability significanlly. ht addition, boxes in the 



Fig. 24, AtuHher i?xanu>le of two tu ijairm nurfati'S ihai Jiavt^ tht' 
same norniiil at an enrlpuiiit cif an wljyif lo tw blf-nflpcl The triniruinM 
purt^pf tht* idgfclllmi is not tv'fMtyil 
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parameter space of the surface are used to luiii! ihe calcula- 
tion of intersection information lo regions tliat ai*e of in- 
terest. 

From these examples we see that the good overall peifor- 
mance of tlie algoriUiiti i;^ rnainly guaranteed by apijropriate 
special case hajidliiig at tTiiical i)oinis. hi fact, a lajge por- 
tion of the code in the hleiHlirig iiuxiulc wels (ieveloped to 
deal witJi tliese situations. 
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Open Data Exchange with 
HP PE/SolidDesigner 

Surface and solid data can be imported from HP PE/(V1E30 and exchanged 
with systems supporting the IGES. STER and AC IS formats. Imported data 
coexists with and can be manipulated like native data. 

by Peter J. Sehild. Wolfgang Klemm. Gerhard J. Walz, and Hermami J. Ruess 



IIP PEl/SalidDesigner supports the coexisrence of surface 
data with sohd data ai\d provides the ability to ni\[>ort and 
modify smface and solid desigji data from a ^aiiety of ("AD 
systems. Backward compatibility with HP PEAIE30 pre- 
sencs the invest menl of exisUiig HP custoniei-s. Lsmg im- 
proved IGES (Initial G rat) hies Exrhange Standard) import 
capability, both snrfaec and wirelranic data can he im- 
ported. Surface data and solid data can also be imported amd 
exported using the STEP (Standaid for the Exchmige of 
Product Model Dataj format. (Jnce im|:KjiierL tins data can 
coexist with IIP PE/SahdDesigner solitl data. It can be 
loaded, sa%^ed, positioned, attached to, tnanaged as part aaid 
assembly stntcmres, deleted, aJ>d used to create sohds. At- 
triljiites such as coJor ran be modified. U the set of surfaces 
is closed, 1-LP l*EI/SolidDesigner wiU create a soUd from 
those surfaces automatically. 

I IP PE/SolidDesigner 3.0 also allows solid parts and assem- 
blies to be exported txi ACIS-based systems tLsing Version 
IXi nf the ACIB^" SAT file format. This feature provides a 
dircii link to otlu*r ACTS- based applications. 

From PE/ME30 to PE/Soi id Designer 

UV PFyME^n is a :M) computer-aidc^d design fCAD) system 
based on ihe RonuUus kcnicl.t To lirescrve the investment 
of existiug f:ustomei*s it was required that the transition 
rrnin HP PFVME30 10 IIP PE/Solid Designer be as smooth as 
possible. Tiierefore, an IIP PEl/ME-JO file import pnHX',ssor is 
a integral component of MP PEl/SolidI>esigen 

III HP PE/MF^30, -ID objects aie built from analytic surfaces 
like cylinders, c^ones, sijfieres, planes, and toruses. Tlie inter- 
sections of these surfaces can be represented as exphcit 
analytic ctuves such as straight lines, circles, and ellipses, or 
imt>licitly by describing the siufaces invohTd and ]jroviding 
an approximation of the intersecting arc. Parabolic and hy- 
l>e?'hrjlic intersections are n^presentcd imi>Iicitly. 

UP PE/ME3(> Native File Orjianization 

HP PE/ME30 HUijporLs ihv Romulus icxiual transmit forinaL 
The tmnsmit file is not hitended to be read by humans but 
the general stnicliire c^an be examined. Tlic 11 Ic contains 
only prinlabh* characters, ajid real values luc rcjjrcsentcd as 

t A kernel is the tieart of a modeling svstem, Currently, thrBa hemets are used in mm$ CAD 
svsiams. Thfisia are fttimulus from Shape Data. Pafa."!olid, an nkismon af Romiilus, and the 
AC IS KernBl from Spatial Technulogy 



text strings. The full format of a transmil file coi\sists of six 
different sections. These will be descriLie<J usuig the exanv 
ple of a suigle cylinder positioned at the origin of HP 
PE/ME30's coordinate system ^ith base circle radius IQ and 
height 20, 

Tlie first section, the lieacier section, describes the en%Tron- 
mcnt, the ntacbine tyiK\ the user login of the file creator, 
^md iht^ time and date when tlte model was created, 

@* AGS 

@*Mach3ne type HP-UX 

I®*" Transmitted by user_^Kyz on 27-May-94 at 13-06 

Tlie second section Contains index and counting information 
related to the schema described in the tliird sectioii. The 
schema tlefines the data stria^tures used to represent the 
objects, ll c<jnsisis of a collection of record definitions. The 
following is m\ example of a record definition: 



SH 2 FS 3 -1 BK 3 



One record definition 

Property definition 1 
Property definition 2 

■ Number of property definitions 

■ Name of record definition 



The following Is aji example of a proijerty defmition: 
FS 3 - 1 -i One propert/ definition 

^ ■ — Length field: If - 1: variable lengtti 

' Type field 

10 name 



In the second section r>f the trajismil Hie Ihe number of 
record tyjies, the numbers of record instaivf c^santj pnjperty 
instances, Ihe name of the schema, and its version autl up- 
date number ai'e supplied. The record instances and prop- 
erty instmices contain the concrete data describing the 
modeL Tlie semantics imd the sequence of data enlities ha^c 
to con fo ITU to the format specified by the correspo ruling 
record definition antl projierty definition entities. 

Tlte information in the cylinder example file says that 1 1 
instances of record definitions are supplied to describe the 
scheiua for the instance of t lie cyhndcr. For the actual oI> 
ject, 23 record instances buOt out of 115 property instances 
are ased. 
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1 

11 

23 115 j 

ROMDSCHMA7 4 

16 

Tlie ihird sctMirm. I he stht^niast^c-tinn. fnmaiiis iIk' tk'nni- 
tioti ofrlif tiata stria lures umhI to reprt^senl Ihe inodi-L Tliis 
spdioii t'unsists oi'ihe subscn otrvcon] (letlj\iiioiis U'tnn I he 
HP PE/MH30 inienial fbta sinuiure st^lvenia that are needled 
to represent tlif* mfxlel. Tfie st'lieuia ?iecfic>ns of files repre- 
FJiMitin^ dilTcMcni mode is will Ik* diiferent. The seheiiui see- 
tion for Ihe exan^ple eylmtlei is: 

BV 19 UP 4 -1 SE 3 -1 IX 5 -36 Fl 4 -6 CI 4 -12 PI 4 8 

Gl 4 -1 SI 4 -3 Tl 4 -3 

RA 2 1 RN 2 1 Zi 4 -2 FN 1 1 CN 1 1 PN 1 1 TM 1 1 

SN 1 1 ZN 1 I NM 1 1 

SH 2 FS 3 -1 SK 3 1 

FA 8 UP 4 - 1 AK 3 - 1 RV 1 1 SF 3 1 SX 2 1 VR 3 - 1 
HA 2 -3 SL 3 1 

VR 4 PT 3 1 BE 3 1 BV 3 1 FE 3 1 

ED 2 CU 3 1 RV 1 1 

CU 3 UP 4 -1 AK 3 -1 TR 3 1 

TR 6 UP 4 - 1 AK 3 - 1 BK 3 1 £Q 2 -7 TS 3 2 TY 1 1 

PT 4 UP 4 -1 AK 3 -1 CO 2 -3GP3 1 

GP 5 UP 4 - 1 AK 3 1 BK 3 1 CO 2 3 PX 3 1 

SF 7 UP -1 SD 3 -3 AK 3 - I BK 3 1 EQ 2 -7 SU 3 - 5 TY 1 1 

UA 3 OW 3 1 CL n II 1 *1 

live fourt.h section eontainSj for each record ty|>e defineti in 
the schema sect ion, the iniinher ofdata ol ejects used lor the 
transmissitin ol Ihe model. The sequenee ornumi>ers is ideiv 
tical to the se<|iience of record del in iti oris itsed m Uie 
sc^hcma section. In the cyliiidi'!' exam pit', the object consists 
of t)ne lir>dy hiiili of one slieli laiih t if three faces. Four ver- 
tices, four t oedgi^s, two cuive izeonienit^s, I wo (xlges, two 
point^i witli two geometric point definitions, three surfaces^ 
and one attribiHe are needed to represent the cylinder ob- 
ject. The file contents are: 

1 13 4 4 2 2 2 2 3 1 

Tlie filth sec lion, the data section, contains the data stnic- 
ttire instances. The contents of all records needed to repre- 
seni Ihe oh jet t are lt>und in this seel ion. T>) eveiy recorti an 
integer ret ord laljei is assigned. This iiiinLher will l)e nset) in 
ntlier record instances to point to die instance* In general 
the instmices in the file appear in the order in whicli they 
are referenced by other enltiit^s. The data of an entity in- 
stance^ is not stilit. If forward leferenres are roniaiiuHl in the 
instance definition the next utsiiuiees t^aii be fomitl in ex- 
actly the same sequence as referenced. Because tiiis ruie 
apfilies recnrsi\'e1y. newly referent^ed entities can l>e ffRtnd 
tirsi in the physical tile sequence. If all references t)f an eti- 
tity are resf dveti completely tlit^ next reference of the next 
higher le\ el will be resolved. For the cylhider the data 
section is: 



1 

1 1 25 Color 1 2 3 3 F04 Fl 5 F22 14 EO 15 El 2 13 PO 19 PI 0.000001 
0.O0OO0Q00001 033200 0025 I 1 1 167772152013000220160222 
OOOOSOOOOO -1016181061018000202000030 10018 1014 
014 001515OO0700G0O-1 10 0024 01 23 1702 23 00006 

00 200D -10 1 7 19 11 7 11 100002121 000301020 1011 151 150 
017 17000 7002000 -1 10002500024028902240000 700 

0001 10 28181281212 14 19 19 139 13 13 150 

The sixth and last section c on tains, for each I oj)- level object 
transmitted in the file, the coirespondin^ root t^ntlty and its 
name. In die cylinder cxampk^ t>nly one tjhjet I is trans- 
mhted. HP PK/ME^iU snpt>oi1s usei-nanietl oljjeets, tnit in 
this example an HP PE/MF;30 default natne, BO, has been 
used fortheeylinrlen 



BO 



Aiialyziiig the Transmit File 

Ueeaiise the info ntiat ion conieni of an IIP PE/1\1E30 file c;m- 
not be understood h^' simply looking at the file, several in- 
ternal analysis totds are used lo extract the info muit ion. 
Staiistics showing tlie number ofdilTcrent vui-w and surface 
types give a fnst hint of the comj>lexity of die fde. A graijhi- 
cal presentation of the data instances of a file eat^i be 
generated. 

! BV 



1 UA l-> 




i SH l-> 




1 FA J SF 




1 VR J PT 1 GP 




1 ED 1 CU 


_TR 


(FA 1 SF 




1 VR 1 PT 1 GP 




LED LCU 


^TR 


^FA i_SF 




1 VR J-> 




LED l-> 




1 VR \-> 




1„£D l'> 





This [(M'eience stnicTiire cmi Ire read easily. The (cylinder) 
object iu the Hie is a body (BY) which consists of a shell (SH) 
and thrt^ faces f FA). Sliell and faces share the sjime hierai- 
chy le\'el. Each face consists of a reference to a surfac^e (SF) 
and a start vertex ( VR). Eaeh start vertex is basted on a geo- 
metric definititm of a pomt (PTj mid ser\-es as the anchor 
vertex of an edge loop. A loop is not represented explicitly 
in the IIP PEAIEMO exchange file. Tlie implicit connection 
is done by a reference from a stai1 veil ex to I lie next and 
previous vertices m tlit^ loop. Th*: tnlge (ED) entity rej>n^- 
senls the topological diret tion of I he etige wjtJi respect to 
the loop. Tlie curve (CU ) entity is an Lntennediate instance 
on the way to the cun^e's geometry (TR ). 

If comtilt^te information from the data section is needetl a 
tnuislation tool is a\ ailable that mu[>s the data section tt> a 
formal nnicii mt>i'e useful ttir hum^ui rt^aders. Hie I'ol lowing 
extract dest rihes how one of the faces and the coj respond- 
uig surface component of the cylinder example aie repre- 
sented. Tlie mapping from live data section to die readable 
fomiat is iilso supplied. 
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For this componenl from the data section: 



...,6000240289022400 07 00 

00011002™.—^ 

file convspoiicimg trajislaicHl part is: 



5 - FA iFacB owmng lanchor) veitex), tfie properties are 



UP is EMPTY 


, Usf of penTiarreni yniversal attribytes 


AKis EMPTY 


... Backpointer from element of feature 


RV: INTEGER = 


... Sense of face, edge geometry 


SF; P0lNTtB = 24 


., Surface office 


SX: REAL -0 


. Hatching pitcfi 


] VR. POINTER = 8 


.. Anchflr of face 


2 VR PQINIbK-9 


..Anchor of face 


HA fS EMPTY 


. Hatch (Jirecimn 


SL: POINTER = 2 


... Stiell of face 


-- SF 1 Surface of faceL ttia prDperties are : 


UP IS EMPTY 


... Ust of permaneni universal attributes 


SD is EMPTY 


... Surface supporting this surface 




definition 


AKisEMPTV 


_. Backpointer from element of feature 


BK POSTER = Q 


.., Backpomter from assemhiy or body to 




token 


1 £Q: REAL -0 


... Geometry definition 


2 EQ: REAL ^0 


.., Geometry definition 


3 EQ: REAL -0 


.., Geometry definition 


4 EQ: REAL =a 


... Geometry definition 


5 EQ: REAL ^0 


... Geometry definition 


6 EQ : REAL = 1 


,.. Geometry definiticn 


7 EQ: REAL -10 


... Geometry defmjtion 


SU is EMPTY 


.. SuHace supported by this siiface 


TY: INTEGER- 2 (CYLfMDER] ... Geometry type 



Iint^ort Module 

The m* ]^K/MB1U lo lip I^H/SolitlDesigner iniptin inter- 
race is Jinkt^-d directly to the IIP PE/SolidDesigiter todt\ In 
IIP PE/Snti(IDe?;igner*s u.ser intetface it simply adds a bntton 
\i> llie exterjuil tiling nn^rni. If a lih^ naint^ i.s spi^i jlied. the 
piotcssor is atiivaliHi. Iiucrnally, se\cral (.' + + cla.sseH arc 
added to IIP PE/Solitll)esigiter to rcpresonl Lite schema and 
instanre entities of the HP PB/MErSO file. For c^ very stif)- 
IKir((^d IIP FE/i\1E-3Q reeord di^fnvilinji enlily a tTass derived 
from a generic reeord inslanri- nhjecl i.s denned. The nKJSt 
initiorfani niernht^r nnu-iion t>f each t^r these classes is the 
eonvett hnicHon. Tfiis fiatetJoti perToniis the mapping of the 
IIP f*B/ME^U) rde objecJ to Mie correspontling HP PE/Soiid- 
De.Higm'r enlily. 

Tlie thitH' ni^iin frnnisonr^Tls of the IIP l*E/MK:JO lo HP 
PE/SohdE)esigner pr<Ke.sf7<ir are a lookup I able, a st^henia 
iiuma.^er, and a set orchLsses to represettt the stippoiltMi HP 
PIvMEJIHlIe entities. 

TTie lookup table is i>^iil oi" tlie interrat e to m\ HP PE/ME30 
nie. Tlie niahi task of this table is to manage the tnappuig of 
HP I^E/ME;50 Ilk- entities to already ereated c(jiTej^porKiinM 
HP I'lvSolidliesigmTcinities, A looknti table is jieneraled 
lor evei7 f>per^ HP PE/ME:JO file. 

A seheina niaruigtn" is irnfiahzed if a new IIP PPLIVIE:]!! file is 
opemHl. h ccjniains lhest*hema section iiiloniiatitjn hiund in 
the newly opened file. For evety open file a coiTesponding 
scfietna manager is available to control lii(^ int<'i|>nHaliiai ol' 
the entities ol the file. 



"Hie record inslaiire class builds the third basic data struc- 
ture of the process^^r. Re<'oni ittslances are generic cotitain- 
ers to store all of the data objects tliat can be expresseii by 
valid recoiti definiiions. The coiLstmctDr of the record ii^- 
si*uice class calculates the entity type fK>m the reference 
nutnber and then allocates menior>' and reads in the proper- 
ties from the file correspond ii^g to the i)roperty definitions 
of the schema For e\eo supporte<l HP I^B'^IEiO entity a 
sepai^te C++ da^s is derived from ihe recnird instance 
class, but the generic cottstructor Ls used for all subtypes. 
The main differentiator between the classes is the convert 
fimctioiL 

Conversion Process 

Tixe fotjveti finicdon of the record instance class itself is 
not called by the conversion process. Rather, ever>' derived 
class implements its specific conversion fnnction (hi this 
sens4^ the coinert finiction is purely virtual iti C++ ), The 
uMh\i filial convtTsion function converts itself to an HP PE/ 
Sohf i 1 >f ^si gn er e nt ity. 

Conversion and the creation of new deiived hislances of the 
recrord definition t lass constitute a recursive proce^ss. If dnr- 
iiig an ac^tive ccmvei'sion air unresolved (noi alreariy con- 
verted) reh^rence is Ibuiid the turrespondrng HP PEA1E:]0 
file entities can be found as the next entides in tJie physical 
fik* (see the descriptitui of Ihe data section). Tiie convei>»ion 
nuKiiile then creates a new derived instance of the record 
instance class and forces the translation of this entity lo a 
HP PE/SoIidDesigner entity thai vmx be usetl to coniplete tlie 
conversicm of the cuiTenl entity. The algoriUnn is as follows: 

A reference to an HP PE/ME30 file entity is foLnd: 

Already "converted"? [lookup table search} 
YES: Use the available conversion result 
ND: Create the new derived ciass of record instance 
CalE the convert function 
Attach the conuersion result to the lookup table 
Delete the instance to free the memory used 
Use the newly generated conversion result to continue the 
conversion, 

Nonanalytic Interseclicm Curves 

The eonvei'siuii for iiUei^^ecfion cnr%'es is not done on tile 
fly, but by ;i f>rjstjtr(Kessoi' after the rest of a btidy is con- 
verted ciinipletely. The con^'eH rtjo! ine for mi intersection 
track simply collects Hie two inteiisectuig surfaces and all 
available arhhfional infunnation lV>ynd in the file lo repn^- 
sent the inlcM>^eclion. The <onit*lelion of the iiHetsection 
curves is done by tin* t*onv€^i1 function for HI* PEAIE:K) bod- 
ies. After a fit^t intermediate topok)g>' of Ihe new HP PE/- 
Solk if designer body is calculated aiwl all iinalytic snrlaces 
mill rnialvlic- nirves are altaeh^nt lo ihe erealtNl body, the 
calenlaiion of the inierseelions bc^gins, 

'fhe topoU>gy of the intersection between twosuifaces in 
IIP PE/Sol id Designer is not always the same as in HP 
PE/ME;jn because different const rainls on topolfjgy mid ge- 
onu*uy exist in tiie two niotlelers. For instance, it nmy be 
ueci^ssary to represent the single segment found in HI* 
PM/ME^iU as a sequence of different cmves. In sncb cases 
I lie original topologv' has to be modified and some edges 
may be split. To Unrl die aj^prf striate interseetion in HP 
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PE/Scjlif! Designer is mainly a splectioii procfss. In many 
eases two surfaces intersert at not t^nly one t>ul several dis- 
tinet sec?tions. 

Consider the intersection of a cylinder with a tonis in tht> 
(^ase of per[:i e tn 1 i v \ il ar a xe s , Fi i u v pc )8sible int ersec t i on 
cun'es maybe |)ar1 ofilie moflel (see V\g. 1). In the 
HP PI'I/MB'^O nie addifioiial help points are supplied lo allow 
tile coneci seleciion. The direct iou of the inlerseetion curve 
(the langeiu to the curve J is not guaranteed to be the same 
iji HP PM/SolidDesigner as in HP PE/>IE;U). Tiierefore the 
correct 111 to tlie model Ls calculated and the resulting direc- 
tion is reflecte<l in the topoiog,y of r!\e imported model 

Quality and Performance 

To test the quality of the III* Pl']/ME:it) imjKirt [uocessor a 
large UP PE/ME;3t) test lit>rai> has t>een coni]jiled. It now 
contains more than 2;i0{> exaruj)Ies of parts and assemblies. 
All of the test cases used during HP PE/UESU developmenr 
and suj)poii are inckided along with new user models con- 
sist Jrtg of recently accjuired data irom internal and external 
HP PE/ME3() users. An addititmal test manl\ .subtree was 
de%eloi)ed by creating base parts with critical featiut^s. In 
particular, all possible surfac e-to-surface ijitei^sections and 
viu-ious special cases have been generatetf 

The regression test procedure is to import HP PE/MESO 
models from die lesi libraiy part by pan and [>erfonn thc^ 
HP PE/Sohd Designer body checker operation on each. The 
loading titue and the botJy checker result ^u'e collected in a 
repons file. A rejioits file am he analyi^ed by a sliell script to 
supply a statistical simmiaiy of the current quality of the 
HP PE/ME30 interface. Because of the lai'ge amount of test 
data a complete test takes a long time. Therefore, an uiter- 
niedlale test is availaljle. The complete lest iierfonus the 
basic toad and check lest on all runeiilly available test mod- 
els of the library directory. The ititenriediate test examines 
the reports file of the latest complete test and repeats all 
reported problems. It also repeats a random selection of the 
successful tests. At this time over 99% of the complete test 
conversions are classified as successful. 

Tlie perfonnaiice of the imf^ort process for HP PE/ME80 
files is mainly dependent on three variables: the size of the 
schenta^ the number of entities, and the number of intersec- 
tions that have to be calculated: 




Fig. 1, Intersection of a torus and a cylinder. 



Ijoad Time = Size x kl + Entitles k k2 + Intersectiorts x kyi, 

where kl < k2 < < k3. Tlie size of the schema section does 
not vary very much between different files and is normally 
relatively stnall compared to the size of the data section. The 
nurnber of er^titles (Uid the file siz(* aie strongly related. The 
calculation mid selet tion of the nonanal>1ic intei:^ectjon 
cLui-'es fitting tJie model Is a relatively ex]>ens]ve component 
of die plot essor because a completely new representation 
of the data stnicture luis to be generated. 

Data Exchange IJsmg IGES 

/\n important task in computer-aided design is the transfer 
of the com[)leted model to downstream appiicatiorts ami 
other (.'AI) applic*ations. Titese applicatiojis vary from finite 
element analysis Lmil numerically ctintroUed { NC) manufac- 
t u li n i^ U J vi St 1 al 1 za f i o n an d sim u 1 alif >n , I IP PE/Soli dDesigner 
currently usi^s IGES ">.l (hutial Ciraphic^ Exchange Specifi- 
cation) for file-based data exchange. 

Because of die broad variety of receiving systems an IGES 
iiUerface tnust be tlexible so tJiat the contents of t!ie output 
file match Ihe capabilities of tlic ret*eiving system. II nuist be 
possible lo transfer whole assemblies keeping the uii'orma- 
tion on the jjarts tree, or only specific pails of a model, or 
even single cur\^es or surfaces- This isachievecJ by a mixture 
of configurafion and selection mechanisms. 

An aiuilysis of the IGES translators of niajiy different sys- 
tems showed that it is possible to classify tliem in foiu" mam 
categories: 

Wireframe Systems. Tliese systems are only cajjable of ini- 
I>otiing eun^e geomel ty. This is t^qncal for older CAD sys- 
tems or 2D systems with limited 31) capabilities. 
Surface Systems Using Untrimmerl Svufaces. These systems 
are capalde of imf>orthig untriuTmed surfaces and indepen- 
dent curve geometry. This is typical for low-end NC systems 
that need a lot of interaction to create fool j^aths and define 
tueiis. 

Surface Systems ILsing l*iu^aineidcally 'lYimmed Surfaces. 
Tliese systems are able to handle trinuned surfaces. Trim- 
ming LS perfonned m tlie parametric domain of the surfaces. 
Periodic surfaces are often not handled or aie mcorrcctly 
handled. Each smiacc is hiuidled indcpendeiuly. This is top- 
ical for surface nujdelers and sophisticated NC systems. 
Topological Surface Systems and Solid Modelers. Tliese 
systems are able to handle trimmed surtaces using 3D 
curves as trimming cur\'es. They are able to handle periodic 
surfaceSt ttonp 1 an ar topology; mid surface singularitie\s, C on- 
jiection between adjacent tdnuned surfaces is maintaijied 
and the normal to the trimmed surface is important for in- 
side/outside decisions. Tins is tyjiical for advanced surface 
and solid modelers, 

HP PE/So lid Designer's IGES interfVice Is designefl to work in 
foiu' output modes: wire frame, untrimmed, tiinunHl prn'-a- 
melric. and trinmied. Each output mode represents one of 
the categories of receiving IGES translator, Tliis has the 
ad\'antage of giving as muclt informal i<jn about the sohd 
model 3s possible to high-eiui systems (trimmed, trimmed 
parametric), without burden! itg low-end interfaces with too 
much infonnarion. For some modes ( trmuned paramet ric ) 
more configmation parameters allow fine tmiing to sijecific 
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systems to niaxiniize the transfer rale. Each mode has a 
specific' etitjt>' mappmg ihat de^ rit>es which IGES entities 
are used to describe the model (see Tables 1. 11, and III), 
Users call specify additioiial product relatc*d data and arlji- 
trar>^ comments for the start arid gtobaJ seel ions of die liiES 
file directly ^ia tlu* IGES output fiialog box. S}>erifu' rotifigu- 
raijoas cm\ be sa\ ed and loaded so that the configuration 
has lo tie determinetl only once for eacli receiving system. 
Fig. 2 shows the KiES dialog menu. 

To altow maximal flexibility' in what is translated . the user is 

alkmed lo select asseniblies, parts, laces, and edges and 
artjitrai>" combinations. All selecied items aj-e liighlighted 
and tlie user can use dynamic \1ewlng during the sel€^*t,ion 
pnicess. If the user selects assemblies, the part tree is repre- 
sented with IGES entities 308 and 408 (subfigiire defiiiition 
and instance). Shared parts are represented by sltared geoni- 
etr>^ in the IGES file. 



Tabfe f 
Curve Mapping 



tGES Settings 

Output Mode 



# Trimmed 
UnlHrnmed 



Tiimmed Parametric 
Wireframe 



Ac«Mi:»cy 0.001; 




♦ Global 



♦ HP-UX 
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Output File Formal 
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Save Config |fl 
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HP PE/SoiJdDesigner 

Straight 
Circle 

B-spline 

iiitersection cune 
Parameter etir% e 



IGES 3D Entity 
line (110) 

Circular art (lOOj 

with transfomiation 

Rational B^pline 
cun e ( 126) 

Rational B-spline (126) 

liaiioital B-spline (126) 

or line (110) 



TVimmed Mode 

Tlu^ iriniiiietl mode is the tlosest ileseription of the internal 
B-Rep (boiint(ar>' represi^titati*in) data structure of HP PE/ 
Sol id Designer, It uses the HiES Ixmnded surface entities 143 
and 141 JLS tile lop element c^f the model description. Each 
selecied face of the pari maps to one bounded surface (en- 
tity 143) containing several homitlaries (entitj^ 141). TVim- 
niing f)f die surfact^s is perionned hy SD model spac*e 
cartes. To fultlU the reqinremenis of the IGKS si)ecification 
of entities 141 imd 143 some iiiiiior topological LUid geomet- 
rical changes of the HP Pl-VSolicI Designer ititenial mo<iel 
have to be niatie. Vertex U>oi>s are removed, propedj^es on 
ionises are removed, and intersection c^iuacs aie replaced 
hy B-spline approximations. 

Because die li\FS houndeil sinface endty 143 does nc^t have 
any Jnform;iUoii ahoiit topological face mimials. (he sur- 
faces tire oriented so diat all geometrical noniials point Ifi 
the outside of the p^ut (Fig. 3). Tims, enough iiifonuatioti is 
put into the KiES file that a receiving system can rel)tiild a 
sohd motle! from a complete surface model 

I' n t r i 111 me d Mode 

The imlriiiiiiied mode contains basically the same infnn na- 
tion as thr iiinimed modr. P'or each face tile unirimnied 
surface t>liis all trimming cuives arc^ trauslaled. Bui iustead 
of expliridy triimmnuig the surfaces with the ai>pn>pnate 
entities, sujfat^e aiui trinuning curves are only logically 
gnaiped together. This usually re<juires manual trirntningin 
the ref*ei\ing system, and is only suited for some special 
applications. 





Fig. 3. Heft ) SiiUii un»U'\ (righi ) Surfaii' rntMlel witti urtrnmis 



Fiji. 2. MP PK/Su!idDt'sigttrr KiES oiiipyt diidii^; [iieiiit 
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HPPE/SolidDBSigner 
Plane 
Cylinder 



Table If 

Surface Mapping 

IGES3DEntitv 
(trimniBd and untrimmed) 

Plaji^ (108) 

Surface of revQlutioii (120) 



]GES3DEntEtY 
(trimmed parametrrc) 

Ruled siiriat't'( 118) 

Rded surface CilB) 



tbnis 

Cone 

Spun I3-spline 

B-spliiie surface 

Parallel swept B-spline 



Surfer p f if revolution (120) 

H-sjilivn^ Hurlare (128) 
Ruled surface (US) 



Surface of revolution 

B-spUne surface (1^8) 
Ruled surface (118) 



TVimmed PariiuK^rit Mode 

The uimmed t>ii! aineliic niotfe uses the IGES liTuuned para- 
metric surface entity (144) and the cuive on parajnetric sur- 
face entity (142) as representations of a trimmed surface. 
These entities have l>een establislietl in the IGES standard 
for a longer time than entities 14'^ mu\ 141 or the Irtnimed 
mode. For tliis reason they are more eoinmonly used. The 
main difference from the trimmed mode is (hat I he trinnning 
isperfonnecJ in the p^u-ametric domain of llu^ surfaces. Each 
surface must have a parametric descri|>tioti tliat maps a 
point from tlie parameter donuiin D (a rectangular portion 
of 2D space) to 3D model space: 

S(u,v) = (X(u,v), Y(u,v), Z(u,v)) for each f u.v) in D. 



necessarily be exactly one outer loop. Furthermore, 3D 
edges can run over the surface seam (the start of the period) 
without restriction. This leads to the situation that one edge 
may have more than one parametric curve (p-curve) associ- 
ated with il. Also tlie p-c ur\e loops nuiy ncH be closed even 
if the respective 3D loop is closed. Fig. 5 illustrates this 
situation. 

IIP PE/SohdDesigner avoids this problem by splittmg peri- 
odic surfaces along the seam and its antiseam. Tlie seam 
and ant J seam are the isoparametric ciuves iilong the parain- 
etem u,i^j, and Unim+Upt^noy^. Tbus^ one face may result in 



D = (all (u;v) v^ith Uj,uji ^ u < Un 



< V < Vn 



The following eonditlons apply to D: 

• Then^ is a continuous normal vector in D. 

• There is a one-to-one mapping from 1) to 3D space, 

• There are no singular points in 1). 

Fiutheniiore, t rinnning curv^es in 2D space must form closed 
loops, ajid tJiere must be exactly one rniter boiuulary loop 
and optionally several uiner boundao' loops (holes). Fig. 4 
ilhistrates parameter space trimining. 

These restiietions make it clear tliai tliere v^ill be two prob- 
lem arciis when converting HP PE/Solid Designer i>aris to a 
parametric trimmed surface model: periodic surfaces ajid 
surface singularities. 

On hiU periodic surfaces like cylinders, HP PB/SoKdDe- 
signer usually creates cyhnthucal topolog>'. There will not 




P^r^meter Space 
Fig. 4. Ti'irnmiug in ptiranieter apace (p-spatej. 
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Paits and Assemblies 


y08+408 


30S+408 


308+4(18 


308+408 


Faces 


Entity 143 


Entity 144 


Entity 402 




Loops 


Entity 141 


Entity 142 


Entity 102 




Edge+Base Curve 


CurvT Entity 
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Curve Entity 
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Fig, 5. rviindi-r trijM »Ii:ig:v ih -jP ;ihtl i^siiaci^ 



two or It nil paraiiveirit ally miniiK'd surfaces ( u- aiid v- 
parajiit^trjr surfac-e?i (Tonises)l in rhe IGES modeL Fig. 6 
iilustrates Um situatl<«t, 

Aiiotlier |>rnhlt^ni wiih j^arametric trimmed surf aces ar4=* sur- 
face singularities- Singular points aie jDoiiits where the sur- 
face derivatives a^d iioniud are not welMeflned. For such 
poiiiLs there Lh t^ot always a t>jie-ta-one mapping from 2D 
parameter stiace to SD model siiace. This means there Is mi 
itilljute set of ( ua) f)oints in imrRim^er space that result in 
the Siuue -3D mo*lel spac^e point. Sucii siugiilaiiHt^s are easily 
creaieil by rotating pro tilers aiouncl an axis where the profile 
touches the axis. Exmnjiles are cones, sjiheres. degenerated 
toruses. iriangviUtr s]jiine patches, mid so on (see Fig. 7). 

HP I^K/SolitlDesigner is designed I o liaodle singularities as a 
valid t'oaiponenl of a model. Tliey ai"e marked with a verlex 
if they ai e pmt of a regular loop or with a special vertex 
loop if tliey cU'e isolated from the remmninj^ loops. However, 
if is not possible to ex|nvss siTtgularities in trimmed para- 
metric surfaces legally in KiES. 

iforesoI\e I his issue vvi: icduci^ the singularity problem to 
the (Hohk'iii of die valid reini'sentation of triangular sur- 
faces. The splitting cilgoriMnu.just dcscribetl is applied so 
Ihat all singulariUes aj'e t>at1 ntn regular loop, TIuls, we are 
always fared with the situation illuslraied in Fig. 8. 

EJach singnlarily of a face is touched by two edges, one en- 
teriiig anil t>ne leaving Uiu singular veil4^x. Knowing how 




CD 



1 



Fig* 0. Ptriodic surfaces in 3D and p-sjmr(» jifler splitting. 

tnangular surfaces are handled in poteiitial recehing sys- 
tems, we «>0'er foiir ways to expon this kind of geometiy. 
These are the four [>ossible {;<imbinaitons of closed or open 
parameter loops and avoiding or ttsing sitigularities. 

Some systems do not need closed p-space loops* wiiile 
others strictly expect them. If the closed option is chosen, 
the endhigs of the i>-cnn.'es are simply c*onnected with a 
straight hue. 

Getjmetrical ajgorithms usually become imstable near singu- 
larities. Some systems are not prepared to handle this situa- 
tion and will fail To avokl this, it is r>ossibie to shorteti the 
parameter curves when entering or leaving a singitlar vertex 
and connect them at a tuimerically safe distiijKt^, Tit is dis- 
tance is measured in :it) space and is also corillgurablc- It 
usually vmies between 0.1 mid tlOOL This will result in a 
surface where Ihe region aromid the singularity is cut out. 
Fig* 9 illustrates the four possible singularity representa- 
tions , 

Ulre frame Mode 

For (he wirehamc inodt: IIP PE/SohdDesigner iilso avoids 
the cy lirulrical loprilog^v, liecanse in sonu^ cases infonnation 
abo of sh a] 1 1 ^ u f n 1 1 < 1 \iv I < js! ( c\ g, . a fu 1 1 si rrfac( * of re vo 1 uti on ) . 
After api I lying llie face sji lilting algorithm all edges of the 
selected faces and piuls are translated. No surface informa- 
tion is contmnt^! in Ihe rt*sultin^ KJRS Hie. 
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Fig, 7. KxiiniplcK of surfeff 
singuliiriiii's in iiitr;iiin'tf*r 
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VI 




Singu^arilY 



Fig. 8, Trbngiilm' surfare siumlifjii, 

Extracting S^itid Information from Surface Models 

IGEIS surface data ri'orn solid m<xlelen> often contains all 
SLirfat^es t>f a closed voitmip fa* a roniifctecl facp set. Htjw- 
ever, the ronnvcti\ity heTwoen atljacont faces is lost. If the 
suiface niodei fiillillls some .specifie rec|iiirpnients it is pos- 
sible for the receiviiig system to recompute tliis niissmg 
information. The following describes these requirements 
anfl shcn^ s how ixmiH*eri\ity between faces can be reestab- 
lislied. This methi.Ki i aii hv used to create a solid model 
frcmi HP FE/SolidDesigner IGES oiiliiuL 

Automatic < onipaiisoi't of all boundao' ciuTes on coinci- 
dence or reverse coincitleoce would be a very Linic-coJisuni- 
Ing and numerically imstable tiisk Howeven it is common 
for the endpoints of the uininuiyg ctitvcfi orattjaceut faces to 
be coincitien( within a very .suimII act uiarv. This niaki^s ii 
possible to idemily trimming cones that share common 
stiut points and endpoints. If the tAvo faces of these Irini- 
niiitg cLin^es have the same orientation one can tiy Id corv- 
jiect tjie fare^ to a f^Ke seL F<u' dns I ask one nuLst try to finfi 
a getinietiy tor a common edge ilial fulfihs ihe folkjvving 
accuracy constraints (see Fig. 10); 
TIk* ciine is close enough to suiface L 
The curve is close enough to sudace 2. 
The curve is close enough to curve L 
The cuive is cltj^e enotigh ti> cuive 2. 

The first candidak^s for siu:*h a (*mve are ilie original trim- 
ming runes, cmve 1 ai\d cune 2. If eii her satisfies all four 



re(|uirenients it is UironKirated into hoth face descriiJlions 
and the connection is established. If neither curve can be 
used, one can tiy a coniliinatloii of die i wo. or reduce the 
receiving system's acciuacy. 

This method fails If the face orientation is inconsistent or if 
atKacent faces do nol shiire couimon stall points and end- 
points, 

Im [lotting IGES Wireframe Data 

KiFS wirefiaiue daia ran tie easily iinpfnted into IIP PE/- 
SoHdDesignen since HP PE/Sol id Designers kernel supports 
wire hodies. The niorlined w ire data can be siived m HP 
PE/Sf>lidrJesigner's (kna format. Possible uses for this tapa- 
bihty inchule migration hum old line systems to KP PK/Rol- 
idDesigner, interaction with dift\'rent sources imd suiJiiIiers, 
mid communication vvidi manufacturers. 

In HP PE/Sol id Designer a wire is defmed as a set of edges 
connected by conmion vertices. A body consisting only of 
wires is called a wire liody. ICiES -iD cune data is used to 
geneiate the edges of a wire hody. Tliis includes lines, 
circles. B-spliiies, polylines, mul composite lines, IGES sm- 
face data such as trinmiing cun^es of trinimed surfaces ai'e 
also used to generate edges. To simplify Utler stolid model 
general ion the axis and genenttrix of ii surface orre\ohjtion 
are ill so transh>nneil inio etiges lor the wire Ijotiy. Since 
only edges have to be generated lor a wiie body, diere mx' 
no accuracy problems as described above for IGES surface 
iiti|>oilatioir. On the otfierhaud, iiifonnation on B-spline 
surfaces is kisl , 

Wire data imported from im H lES file is collected into im 
assent !>ly. The assemljly gets (he naim^ of the KJES 11 le. Any 
siibstnicture of the iliES file like grouping in levels is trmis- 
forn^erf into parts within the assembly. Thus, hierarchical 
infrirmation contained in the KiES fdes is mainiiiined withhi 
HP PE/Solid Designer The generated |)aits c^m be haiKJled 
like any other part in flP PK/So lid Designer To distinguish 
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Fig. 10. Firuling a ctJiimHJti e<lge for acU^ceiH iaL*es. 

Wr-ire parts, they can be colored. The options of HP PE/Solid- 

Di^signer s show menu work for the parts as weJJ as the set- 
tings ijf the piirt coiuainer A \t ire iiari am become the ac- 
tive i>art. The edges and vertices of a wire pan are 
djsi}layai)le, aJl browsers work wiih wire pans, and wire 
parts can be movecJ or beeoint» nienitjers of an assembly. 

To buUd a solid model from a wire body^ the edges and ver- 
t ices of rhe wire horly vmx be tised to |>itsjtioiT a workijlaiie. 
Then etlges of the wire body rait he selected and projected 
onto the work]ilane. The resulting profile cati then be ased 
to create a solid, for example by nieasunng m^ edge length 
needed for iin extrude operation. 

Fig. 11 shows an example of an IGES wirefnune ruo<lel witli 
I'uui' parts and the iT^sulting .solid modeL Antomatic genera- 
tion of solids from mres conld he implemented irtn freefomi 
surface infonnation would probably be lost. The real l>enefn 
of wireframe import is for reference purposes. 

STEP-Based Product Data Exchange 

Manufaetunng industries use a variety^ of national and Indus- 
trial sliuidard.s for inoduct dala exf^hange. TheM- include 
KiES for drawing and surface excfijinge finlernational), 
\'DA-FS for surface exchajige (mainly tlie Kuropean atnfimo- 
tive industoo. antl SET for drawing and siniace exchange 
(France and t lie Europeiui Aii'hus indnsoyj. Tiiis xariety of 
different incompatible sumdards clauses a lot of rework and 
vvastt^ of valuable prcjduct development time which cannot 
be atfbj'defl ircunn>nnies are to suivive in tlie competilive 
marketplaces of tomorrow. Today s standards, origiiiatetl in 



the early 1980s, are no longer satisfactorv' for product data 
description and excliange. ^andards like IGES or \TJA-FS, 
\i^hich are limited to surface or en^eering drawing ex- 
change, do nor adetjuately liimtlle other explicit product 
data categories such as product structure or assemblies or 
geometric sohd models. 

Industni' trends today are charaeteiixed by internationaliza- 
tion of manufacturing jjlants \^hit h ;ire sprt^ad over the con- 
tinents of the globe, and by lean producfion in which majty 
prnts are su]>contracted or bou^il from local or intenia- 
I tonal suppliers > Nation^ standards and incompatibdities 
between exi.^ling standards are obstacles to these trends 
and will have to be replaced l>y international standards. 

Large companies in the aerospace and autoniolive induslries 
in the t",S..4, and Eurojjc liave now taken the offensive to- 
wards tlie impleinenlatiou mid use of STEP i;5/andaid for 
the Fxchiinge of f^oduci Model Dam) as im intemational 
standard for product data exclumge and access, stiutuig in 
Ull)4. ConipiiJiies sucli as BMW. Boeing, Bosch. General 
Motors, General Klectric-, Dmniler-Bet^x, FraUiJc Whitney* 
RoUs Royce, SieineiLs, antl V'olksv^agen have been using 
STEP proiot^'pe implementations in pilot projects with 
promising results. 

Ultimately, STEP is expected to meet the following require- 
ments for an inteniational protkict data exchange stiuidard; 
Pro\ddes ci^mputer tnterpretable and standaidized neutial 
product model data, NeulririJ implies compatibility with tmy 
CAD or C'lM system that best fits tlie design or manufactin-- 
ing task. 

Implements the master motlel concejn for inn<Jnct data. The 
entire set of t>roduct data for a tunduct with many single 
parts is kept in one logical master model which makes it 
fjossible to regeneiate tlie prochict as a whole at a new man- 
ufa during site. This means tJial protluct assemblies, includ- 
ing atlminislralive data and liills of material, are haudleci. 
Provides comtjleleness, cont iseness, aurl cfinsislency. This 
requires special data checking and validation mechanisms. 
Pro\ ides (^xt^hangeable tuodu<1 tlata witlunii loss, Tfie t>rod- 
ufi data iTuisi he exchangeabU^ bom one (AD ot^ (1M sys- 
tem lo another without ioi^ of data. 




Fig, U, fnifHJittHi vv1re-t3t3dy 

;iri'l ttic'Hcjlirl nindel rfinsfnif'ted 
liy JIPPEASoJidDesigner. 
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• Provides long'tc^nn n^ui trill datastorage and iiite^iprelability, 
Producl (bxlA is an iiiipniinni JissfH ofii nmniifiirturin^ com- 
pany. 'Flit' proikui dala siujuld Ik* nHrievable imd inteipref- 
able by tmy VAD or CIM system after a loii;( ijeriorl oi' iiiiip, 
say ifJ yeai"s or moie. Tliis is a signifietml challenge. 

These requbenieiUij Cimnot be .siUisfied itnmediately. The 
STEP pi'ogriiiii also has short er-ienri pritnities for srajuiiud- 
izing speeiile subsets of t lie |jrodii<*t dala. These inehicle: 

• The complete :3D geonveiric shai>f' in the fomi of a -if) 
boundiijy representation solid model ( B-Rep solids) 

• Surface modtd and wiie frame model dala 

• Product strutiureand cojdigLnaiion dala 

Anodier prioiiiy is product documental ion. An imponani 
goal jseoirsisitMuy of I be engiiiet^ring drawing wirb ihe lit) 
pro<htrt geornclrv', 

STEP Overview 

STEP the SlantUoxl for Hie Exchimge of Product Model 
Data- is the ISO lO:t();J siandard. It co\ ci-s ;il] produci rlata 
ciiiegorit^s dial an^ relevain for I he pruduei life cycU* in in- 
rhistriaJ use. STEP describes product data in a comiinter' 
inienrretabh^ data cIescri])!)on Imigiiagi* caliwi flrpivs.s. 11ie 
STEP stajidiad is orgatdzi^d hi logirally distil tet seclioiLs mui is 
j^iTfjupcHl into sepaiBte parts nimibetTf^fi l03(Ki-xxx (see Fig. 12 J. 



The rt^souree |>ai1s t)rthe standard desciltu^ the riaidmnentaJ 
data iind product eategories jnid [U'egnjii|>t^d in Ihc Ix. 2x, 
'Jx, £ind ix series. The Exjjress data deserijjijon langnage is 
defined in |.vart 11. All other product description |)ans irse 
tiie Express language to specify the product dam character- 
istics hi the form of entities and attr"ihiitt*s. In atldiH(jn to the 
piodnct descripiiun p^iils there are ini|)lemeiitalif>n re- 
sources which are given in part 21. the STKP |H<idiiet data 
encoding scheme (the STEP file), and part 22, the Standard 
Data Access btlerlace (Sf)Al). which providt^sa iJrocednral 
method for accessing I he |jrodnrt data, 'there are different 
language bindings for ]iart 22, such as t" or C-i-+ program- 
ming languages. The Sx serit*s paits specify conformance 
I tHiiiirements for STEP miplentt^ntations. 

Examples of STEP-standaid resource parts are the funda- 
mentals of product description and support fpart 41), the 
geometrical shapt^ (part -12). the prurhict stnirture (iiarl 44), 
material (pad 4ri)Jhc lirorhu t pn^seiUatioa [pari U\j, bjlcr- 
ances (piirt 4T)t and fonn fealures (pnil 4S). The application- 
specific resources are grouped in I he Ixx series. Examples 
are drafting resoun^es fpart 101 1. eli^ct ileal (j>art KKi), finite 
elenieni analysis (pan H)4), and kjj\emaiics (part 105). On 
to|j of the lesoiu'ce |>aiis and application resources are the 
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appUration protocols (AP) which use the midcrlj'itig re- 
sources in a specific appUcation context, such as ntechani- 

caJ design for discTcte pan manufacturing, and inten>rel tJi*" 
resource eiintifs in the appht^alion-speciric rontext. STEP 
tniplenientarions for CAD or other compuiei-aided systems 
are based on application protocols. Application protocols 
are under definitiou for appli<*at!on areas hke basic drafting. 
a*v*iiMi3tive dntfrina, mechanical design, electrical dc^sign, 
shipbuilding, piping, arcliitecture, and othen§, Mere, we higti- 
ligfil just two examples, AP20S and -^\P2J4. 

AP203: CairfiguratioR-Cantrotled 3D Design. .'VP203 wiis ficvel- 
op I'd under the leadership of PlJPlS Inc. l! coders ihe nti\jor 
reciuirenients for I .S.-btised industries such km the aero- 
space indusny for govemmeni and hujiistrial iTuuuifactnring 
conrracty. The produci data rc)\ cred hi .AP2(13 in<*ludes get>- 
metiic shajx* (B-Rep *iolid motiels. smface models, wire- 
franu' niodeLs), i>roflin*t stnrrrure, and eontlgnratit^n man- 
ageniejit. AI^2(I3 is the underlying STEP spccitl cation for 
juany CAD and CIM system implementations. 

AP214: Core Data for Aittomotive MechanFcal OasigEi. AF214 has 

iu^E'ii dtnelujuul Ity ihv ^nilouioliw indiisirv iiiid covers prod- 
lur tlata categ( »nes iele\ajit for the desigji and maniifactiir- 
ing of automotive pails and products. AP214, initiateci in 
Germany £md internationally supt>orted, is still imdcr fmal- 
iiialion in ]iarallel with its industrial implementation in CAD 
and CIM sysleius. Tile implementations have been coordi- 
I Kited and haniionixed in the European ProSTEPconsc^ltuni 
and the imt>lenieritation Is focused initially on the geojuetri- 
cal produi^t dest riptinns (solid mo<ieLs. surface moflels) and 
product stnicnare. However, all other kinds of prndtul data 
categoiles relevant for mechanical design in the autoinc>tive 
industry (e.g*» form features- materials, tolerances) are 
within the st/ope of AP214 and are ffnin^Ei Ihrough rlie stan- 
dardi'j^ation [inicess, 

hiitial Release 

Tlie initial release of STEP parts focuses on the mosl ui- 
genlly needed kernel dellnitious of the standard, vthich 
cover the geojuetrieal shatii^ dcscnt>lion. inchtding all Ioik>- 
logical iiiforniation. tlie p rot! net stnicture. iuitl the configu- 
ration management data. Basic product documentation in 
die lonii of low-level engineering ctrawings is also ciwereil 
The j)at1s inrlnded in I lie in i Hal release arc parts U 11.21. 
:M, 41. 42, 4:^, 44. Aii HIK 201, and 2Ua The Iti^t twt> applica- 
tion protocols to becojue standaj'ds are AP201: Expltiit 
Draft big and Ar^20-3: Configtiration-Cotu rolled -31) Design. 

Upcoming reJcfises of STEP will cover tin* next priorities in 
the area of dt^afting, siu-h as AP202: Associative Draft ing. 
materials, lolerunces, form feat ui'cs, and t>aramehics, and 
other applicalioi; fjrotrx^ols such as AP2()4: Mechanical De- 
sign t^ing I3'Rep Solid Models aitti Al*214: Core Data for 
Ant om ot i ve M e t ■ h ar\ i ( mI I )e si gn . 

HP InvoJvement in STEP 

HI* lias been working on Mie slandaidizatioti of product 
model data since 1 989 and lias focused on the emerging in- 
tetftjitional slatidani STHl' h>r:U> prorhaE data. The product 
dal4i Uivns has be^^n tjn i5l) ktniiel design thihi, cointih'ttiu^ss 
<>f toiir»k)gy and gt^ometfy, B-ReiJ .solid ntotleis, and pif^lucl 
stniciure and assemldies. as well as cm assrjcialive drafting 
docinniTitation. IIP is an active member in organizations 



titat have an imimcf on the BO STEP standard, and contrib- 
utes to STEP through national standiirds organizations in 
Ihe U.SA (e.g.. NIST. AXSIl and Euratie (e.g.. DI.N in Ger- 
many). Of particular interesi ai^ i4te organizarions PDES 
Inc.. PKODEX, and ProSTEP 

PDES Inc. HP has concentrated on tJiree major areas of 
PDES Inc.'s STEP activities: mechanical design of 30 prod- 
uct data, associative drafting for CAD data, and electronic 
data definition and exchange, 

The mechanical design initiative of the l\S. aerospace and 
aircraft industiies. Uie automotive indusm', and tlie com- 
puter indiLstrj' resulted in STEP application protocol 203. 
IIP, a PDES hic. member in the r.S.A. and an ESPRIT C'A- 
DEX member in EiU'ope. contributed lo the ^^D geometric 
design definition of AP203 in a join! effort of PDES Inc. and 
Ci\r)EX. T\w AP20^^ *?l) geometries cover sohd models, sur- 
face models, iuid wireframe models and aie shaied by other 
application protocols, thereby promoting interopeiability 
between different api>lic^ation areas. 

IIP has also been actively supporting the I'.S, mittative ro 
define a g^jodHjuality standard for associative drafting docu- 
mentatiun in Si'EP. Assot iative diaffing. t^overetl by .\F202, 
is considered iui hitegriii ptalioii of the inoduct tlata for ccm- 
traf'tual, iucliival. and manufactming re^isons. For example, 
goveniment contrac^ts and ISO 9000 require Oiat produci 
data l)c thoroughly documented. Tliis iiu lufles engineeiing 
drawing data of a product in addition to the 11) pioducl data 
and the coiiriguration data. F]lectronie tiesign and piinted 
circnij l>oard design data are also covered in STEP. 

PHODEX. hi 1992 patticipant.s in the ESPRIT CADEX project 
demonstrated publicly the first B-Iiep solid model tnaisfer 
via STEP for niecti^uiical [jarls in Eurof>e. To develop this 
new technolog.y the PRODKX i^rnjeci was fonndetl in 1!I92 
with (he goal nf tieveloping STEl^ data ex<'hiuige for CAD 
design, finite eletnenl analysis, and robot sinmlation sys- 
lenis. Twehe EurtiiM'^an companies ^johied the t>roJect. So fan 
the projei I'j^ achievements inchide (he (lefinilion f>f a STEP 
implementation archibxitire, the develojiment of a STEP 
toolkit, imd the dewlopment of STEP preprocessors and 
postprocessors. 

Product data exchange betwetui the different vendois is 
ot\going atid shows ver>' promising results for CAD40-CAD 
data exclimige. fAD-lo-finite-element-system exchange, and 
C'AI)-to-roi)o1-siniutation-systetn exchange. Tlie STEP stan- 
dard has l)et*n ftnnher fostered by a joint effort with the 
ProSTEP project to develoj) AP214, in cooperation with tiie 
VK, Enropean, and Japanese automotive industries. 

ProSTER ProSTEP is an automotive industry itntia(ive for a 
higlt way-like STEP product model data exclumge. In 1£H^)2 
the German t oinpanies Bosch, t5MW, Mercedes-Benz, (>j>el 
(GM), Volkswagen, and Siemens lautiched ati initiative to 
bring the tiuijia- (\\D vendoi's tfjgelher wirli (he goal of hn- 
piemen(ing the Orst hanncaiizetl set of STEP prtiducl data 
exchange 1 processors (ptodiit i daia iiaiislators) for indus- 
trial use in the au(<jniotive iiuinstr)'. The approach taketi was 
1(1 contpile Ihe user reqnirenients, to build on the results and 
(^xj>en(^tu es of the ESPRIT I" AD EX tnojtHt. and to launch at 
the lSt> level a STEP aiJphcahon t)ro(ocol AP21 1, vvliich 
covers the core dafa for automotive mechanical desigti. 
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The followiJig C'Ali/CLM systems me mvolved 'u\ the ]it'<jje<l 
and have STEP data exchange proc^essore either available or 
under (ievelopinent: Aliiis, AinoC^M), C/ADDS/CV-Core, C'A- 
TIA, EL:CUD:J, IIP FE/ Solid Designer. EMS-Power Paek. 
I-DEAS Master Series. SIGRAPII STEPIntegrator, SYRKO, 
Tebia ROBCAD, aiid others. 

Tlie mitiaJ focus in ProSTEP for STEP product.s is on design 
data exchange for 3D geometry: B-Rep solid models, surface 
models, and wireframe models. For migration from legacy 
systemss wireframe data needs to be suppojIecL ai least for 
data tuitKHi. Cominunicaiion with applications like numeri- 
eaJ control (NC) programming sy stents today typically re- 
quires surface model data, altliough in tlie future niore solid 
model data will be used. Initially, the IIP em|>hasis is on bi- 
directional product model exchange (input and output) of 
3D B-Rep and siu'face models. 

STEP Tools Architecture 

In STEP implemeniaiitni project.s, slandarcltKation has been 
extended beyond the product flata ifi the STEP impleriienta' 
tion tools. The CADEX, PDES Inc, PRODEX, aiid ProSTEP 
projects have all taken tiiis approach. 

A standaitlized STEP tool atchitecture provities the follow- 
ing benefits. These include .shareahility of tools between 
different inii>lenientors. shoilened de\ elopnient time for 
STEP proc t'sssor imp k^ mentations (softwaje development 
prodticti\ity gain). Increased likehhood of compatibility be- 
tween STEP hri|jlernentalions (different es in STEP denni- 
tion inter|»re(alionH are minimized), panillel develo[ijnenl of 
tools (concurrent engineering), extendabiliTy cjf tools to 
track new stmidardization trends, in ere seised flexibility (new 
STEP models i equire fewer code changesj^ and centralizetl 
maintenance of tools. 

Fig. 13 shows the PRODEX STEP tools archil eel ure. The 
functi<jnal bkK^ks of a STEP looikh or STElMevelupment 
set are: 

# STEP Standard Data Access Interface iSDM), 

• STEP Express compiler 



STF^' 11 le scam let /i>arser 
STEP file formatter 
STEP data checker 
STEP conversion tool 

^fhe main inferTace to the STEP applk-atiou is the .STEP 
StiUidm'd Data Access Interface, whit'h (n-ovides a computer 
prognmiming lai\gnage for dynamic access to the SI'EP 
data. Application-specific mapjjing and conversions are im- 
plemented on I op of this interface. 

Tlie Expres.^ coni|nler conveys the prochict data descrip- 
tions containeii in an Ex^^ress schema (the metadata of iJie 
data model) to the toolkit. It contains iui Exjjress file reader 
iukI compiles the ITle contents to the internal representadon 
of the data model. The SDAI is the recipient of the product 
data melamodel and uses the Uietamorlel as a reference for 
the product instance data, which is imported through the 
STEP file scanner/parser. 

The STEP file sciuinei/iiarser reads (scans and parses! the 
STEP instance data contained in a STEP data fiic^ and uses 
the currently valid nietamodel for checking I he syntax of the 
imported instance data. 

The STEP file formatter formats the data to a part-21-confor- 
mant STEP file which is reatl from the SDiVl by using tlie 
current valid tnetadata (e,g-, aiqpecific application protocol 
such asAP2U-lj. 

The STEP tiata checker is a \ alidatitm to<.il thai cheeks die 
Instaitce data currently in the SDAI based on the corre- 
sponding metadata modeh whicli is also contained tn the 
SDAI. The checking covers consistency checks like refer- 
ences between entities (e,g., existence dependency), and 
rule checking, wtiich is covered in the nietamodel. Tlie 
checking is optionally ai^plicabte to the tiaia in die SDAI- It 
is veiy help fid during the tlevelopment of [uocessors, for 
checkuig new metadata models, or for die eking die fii^t 
data imported from a new system. 
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TheCTEP conversion itm\ is a pool of conversion funclions 
(a library) that mciud€^s all kinds of geometrical » topological, 
and other model conversions. The focus is on geom^^trical 
comersions which are heavily used for data exchange be- 
tween s>^stems with fliflerent geumeirir mcMieUng concepts. 
Porexanipie, one CAD s^-^stem miglsr us*» rational poljuo- 
niial representations for its inherent geometric representa- 
tion of ciir\-es and surfaces (e.g., NiT^BS. nonunifonn ratio- 
nal B"Sphnes). while the oilier might use noniational 
representations (e.g,, N1138K In this case an appn>xiination 
to tlie notirational represeniation has to be applieti at the 
price of increasing the aiTiotml of data. For another exam- 
ple- a surface modeling sj^stem might expon trinuned sni- 
face data with curve representations m 21) iiarameter space, 
whereas tliP receiving system might handle only SD space 
cmrves. hi tiiis case tlie 2D paiameter ciines have to be eval- 
uated and converted to 3D irtmniing curves in 3D space. 

By using a HTEP toolkit the requirements for the impiemen- 
tation of a STEP processor might be reduced to jus! the na- 
tive data mterface to the STEP tools, which consists of tlie 
data output to the SDAl (for the STEIP preprocessor) aitd the 
data imported from the SD*^ (for the STEP postprocessor). 

The main task in linking a CAD system to lite toolkit con- 
sists of defining and implejueniing the mapping hetween the 
system intenitil represeniation and the standardized entitj' 
representation in the schema of the standard (e.g., an appli- 
cation proiocol). 

HP PE/SolidDesigiier STEP Implementation 

The target ap]:tlication protocols for IIP PE/SolidDesigner 
are initially AP2{I3 and AP214, in whicli both solid m\(i sur- 
face models are supported. In addition to the HP PE/Solid- 
Designer internal data models, the solid and surface models 
of other CAD systetns ate of mt^jor iriteresi. With the intro- 
duction of STEH B-Rei:> solid rtitKlel data excliange conies 
into indiisErial use^ re[jtesentinga new teclmology shift. 
IIP PE/S^iUdDe.sigiier has its foe t is on solid models and is 
best suited for STEP-based bidirectional soUd model ex- 
change. However, surface models are also supported. 

Li addition to tine geometric specifications, product infomia- 
tion and configuration are covered in tlie inipIonietUatioiL hi 



this article, the geometric and topological mappings are dis- 
cuss^ed. The as^mbly, product structure, and administration 
mappings are not covered. 

STEP Preprocessor (STEP Outpot) 

The preprocessor exports tlie HP PE/SoUdDesigner model 
data in a STEP file. The preprocessor takes care of the map- 
ping of the HP PE/SoIidDesigner model to the STEP model 

The internal geometrical and topological model of HP 
PE/SolidDesigner is in many respects similar to ihe STEP 
rescnirc»es of part 42 of tlie STEP standard. Hence the map- 
ping is often straightforward. On the other hand, there are 
data structure elements that are not mapped to the STEP 
model- 
HP PEl/SohdDesigner uses the following geometric 3D 
elements: 

♦ Analytics: 3D surfaces such as planes, cones, cyUndera, 
spheres, and tonises. and 3D cun^es such as lines, arcs, 
circles, and B-spiines 

• Nosianalytics: typically 3D elements such as B-splinc ctirv^es 
and surfaces, and hiiear and rotational swept surfaces* 

The topology used for the exchange of sohd models is based 
on the manifold topology of STEP part 42. Tlie elements 
used are manifold solid boimdaiy representations, closed 
sheUs, faces, loops, edges, and vertices. Tlie link between 
Uie topolog>' and the geometry is given by references from 
faces Hi surfaces and from edges to cur^^es. The geometrical 
points are referenced by ^eitices. 

riie HP PE/SolidDesigner STEP surface models axe also 
based on topological representations. Special elements are 
used for surface models, such as shell-based surface models 
and closed and open shells. The other mider lying topolociaj 
elements are the same as in the solid models. The geometric 
representations of tile surfaces are tjijically the same as in 
die solid model representations. 

STEP Postprocessor (STEP Input) 

The HP PE/SoUd Designer postprocessor supports the im- 
port of B-Rep solid motlels and siuface models along with 
the necessary product structure data. The postprocessor is 
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Fig. 15. (kjlf olub solid B-Hep model imprted into HP PE/Solid* 
Desi^fir from CATIA (CAP-Defe). 

capable of cpveiing at least the functionality of the prepia- 
C't^sKor so ihat it is possible to store and retrieve IIP PE/S(il- 
id Designer tlata in a STEIP file representation (Uiis is ealled 
the shm'l c^jde test). 

Tlie STEP postj^rocpssor Ini]jorts STEP files from r>thpr sys- 
terns based on specifically supported applicalion protocols. 
Postprocessing is one of die most difficult tasks in data ex- 
changCj especially Mdien tlie data imported tomes from a 
system thai is very different from the re€ei\dng system. Po- 
tential problems arise hi postprocessing if the sending and 
receiving systems have different accuracies, use different 
n^r>tleling techniques to generate tlie data, have different or 
n li SH h ig s u r face con n ec ti vit y , use f i i ff e re n I algorithms or 
criteria to detennine surface intersections or connect i\ity, 
or use different model representations for similai' model 
chaiBcteristics. 

Wien surface models are imported, it camiot be guariinleed 
tiuit I hey ctui be migrated l(j solid models even with user 
interact ioT^ However, ii> special cases imported surface 
models can be migrated to solid models without probienis. 



Ftt many cases imported surfaces provide boundary condi- 
tions for the solid model. In most ceases the data can be used 
as reference geometiy to check interference or pro\ide di- 
mensions for the solid models. For exaiuplej an impoiteti 
surface set might represent the smTounding boundary' geom- 
etry witJiin which the final mechanical pait has to lit witliout 
interference. 

Importing siuface models into HP PE/Solid Designer is con- 
siflered importiint and critical sjjice many other CAD sys- 
tems, especially legacy systen^s, often support only surfaces 
or wiieframe models, not solid models. Therefore, the post- 
processing of STEP stulace models needs to cover a 
hrr^ader scope than the jj reprocessing. Sometimes, different 
surface representations are used in different applicafion 
protocols, such as AF203 and AP214. Hence, different exter- 
nal representations may need to he mapped to one internal 
representation iti HP PE/SoIidDesigner. 

In the initial implementafion of the HP PE/Solid Designer 
postprocessor, topology boimded surface models are sup- 
poited. Tliese provide the most sophisticated tlescription of 
the connectivity of the individual surfaces used in a solid 
model. (Teometrically boimded surface models are sup- 
]3orted as a second priority. 

The Accuracy Problem 

Wheii imt:torting CM) data from other systems the accuracy 
of the data plays a key role and determines whether a co- 
heient and consistent CAD model can be regenerated to 
represent the same kind of model m the receiving system.! 

Let's define the term accuracy. There are different accuracy 
or resohition values that tnust be considereci in geometric 
modeling and C' AD systems. For r^D .space, a mininuim linear 
rtistance value (a lengtli resolution value) can be defined, 
which is the absolute distance between tW'O geometric 
points that are considered to comcide ui the CAD mteniaJ 
algorithms; tliis represents the zero distance. We'll call this 
value the Irnear acciuncy. A tyijical value could be 
10 ~ '^ mm whicti is highly accurate for many mechanical 

t Often, CAD surface mods Is ate not consilient because Ttie generating system lacks 
checking meGfianisms or does not track cnnnectn/ity. Very otten, cnnsistency and accuracy 
are Nie resppnsil^iiities pf the user of ttie systerri rathGT than under systern cDTtiTnl. 




Fig* 16* Clamp solid ii Hep model imported from Uiiigrdphics 11 



Fig. 17. Wheel solid mudel imported from S1URAPH-3D (Siemens- 
Nixdprt> 
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Fig. IS. BJii?p mtxlel importwl frtim IJnlgraphic!* (EDS). 

design applications. A similar value can be spf^cifipd for a ri- 
gtiiar acctt ract/, pmuinetric aerumcy, and so on. The dis- 
cussion here is limited to linear accuracj^^ 

If the sending system uses a hi^iier lineiir accumty (more 
precise data) than the receiving system, distinct geoniedic 
I foints will be detected to coincicie in tlie receiving system. 
Tliis might result in a change in the topologj^ (which might 
cause further inconsistencies) or the geometr>\ If the send- 
ing system uses a lower linear accuracy (less precise data), 
the receiving system niigltl coruijlain diat the topology is not 
correct or the geometry and the topology are inconsistent. 

To prevent or at least miiiimize these kinds of acciu-acy 
problems it should be possible to adjust tlie accuracy ui the 
receiving system to the accuracy values of the data to be 
imported. For example, if the sending system uses a differ- 
ent accLu^acy for the model generation process, say a linear 
accuracy of 10 "^ mm, then the rec^eiving systent should ad- 
just lis internal algorithms to the same accuracy, 

Experience with HP PE/SolidDesigner has shown tliai this 
khvd ofafljustable accuracy helps regenerate CAD models 
ihnt vvtTe geuerated in tMferent syshnns with different accu- 
racies, Alscj, (or data motlels cfimpost^d of ct>mponents with 
different accuracies, the components am be brouglit together 
on the assembly level to fonn a complete product model. 

In the STEP implementation of AP214 an acljttstable linear 
accuracy value is conveyed in the STEP file tt> tell the re- 
t^eiving systent ilie afipropnate accuracy value for postpro- 
(*essing. 

User Features 

Tlw 1 jsei can select via the HP PFiVSolid Designer grapMcid 
user interface the objects (e.g,. several B-Rep bodies) to put 
into a STEP file, P^or examtile, the user detrides whether to 
send tiie data in a B-Rep solid model or a smface model rep- 
resenfatiorr Tlie userian cbtjose soriu»cxmnguration param- 
eters that help tailor llir mtHlct <iaUi set f(H' besr conmumica- 
tion to a specific target at>| Jlicatioo. However, all data must 
comply with the STEP staudaith 

Wien importing (postprocessing) a 8TEP file the user vim 
dert!ie Sf>me parameters that, ease the processing of data. 
Por exaniplt% the user rrtight set the accnraey value before 



hn porting a daia set that was desired wiih a specified ac- 
curacy, or might choose to convert the imporled data lo a 

diiferem representation. 

STEP Model Exchange IVials 

Various STEP file exchanges have been performed within 
the lasf 12 months, not always witli satisfving results. Tins 
has resuhed m more devebpment work by the exchange 
partners. This process of hannoni^iig the STEP preproces- 
sors and postprof e*ison5 rtf different CAB vendors is consid- 
ered to be of vital importance for the aeceplance of I he 
STEP standard and its ii|jpbcation protocols. Within the 
ProSTEP project this process has worked particularly well 
Other work has been done with, for example, AF203 imple- 
mentors together with PDES Me. 

At this time, sohd model data exchange can be said to be 
working very^ weQ, especially compared with w^hat was pos- 
sible vvitli existing standards. STEP-based smiace model 
exchange has also reached a level tliat was not possible Willi 
existmg standards like IGES or TOA-re, especially with re- 
spect to topological coherence, wliich is e^isily conveyt^l 
with STEP between many C:AD systems. Of coimse* the wide 
variety of surface mod els, with the resulting accuracy and 
comiectiviiy i)rol>lems, will need to Ije addressed by the dif- 
ferent CAI> systeni vendors to optimize data transfer via 
STEP In I he meiuitime, STEP file exchange has matru-ed to 
fJie point where STEP products are offered by various CAD 
vendors and system uitegrators. 

Witliin the Pi oSTEP project one of the broadest ranges of 
STEP-based data exchange trials have been perfoiTued 
between HP F*E/SnlidDesigner and other CAD systems 
(see Fig, 14 i Solid model in<1ustrial i)ai1 data has been 
exchanged, ftjr ex^unpie, with CATIA (CAP Debts aiui 
Da-ssauU/IBM), Uiiigraphics D (EDS). SIGRAPH Design and 
STEP Viewer ( Si em ens-Nix dorf), and olJiers. Some f)f the 
•success fill resuhsare si i own in Figs. J 5, HI, 17, and 18, 
Surface^ model industrial ymii daia has been exchanged witli 
CATIA. EIX UD. SYRKO (Mercedes-Benz corporate design 
system), and others. Some of the suc^cessfu! results are 
shown in Figs. PJ and 2D. 

Next STEPS 

Future releases of the STEP slandtu'd covering t»toduct data 
catej^ories siu^h as materials, tolerances, form features, man- 
ufacturing process data, and othei's are t^xi>ected in the next 
few months. Hw expected release of AP202, associative 
drafting, will allow docimieniation of the product data in 
engineering drawings. Work is ongoing towards the parame- 
tcrizaliun of product feature.s, which needs further d(^vx*lop- 
ment in the STEP standard. 

Tlie expected finalization of AP214 will make il possible to 
convey the product daf^a categories in STEP lllcs arui will 
help to reduce design atid manufacturing development 
( y( les for simple its well as com] ilex pioducts, Tliis t>rocess 
will bt^ supported l>y birther extensive use of ciala comnuini' 
cation networks in the various <'oiuit.rie8, Tiie migralion 
from existing standards is aitied l>y several product, t>nerin^s 
of IGES^tcj-STEP imd VDA-PS-r.o-STEP flata converiens. 
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Fig. i^. Sijrfat't' nv.Kjel iniponefi from iisYRKQ (Mercedey-BHiiz 
Corporate design system). 



Fig» 20, Headiig^it reflector surface model imported from EUCLED 
CMatra Datavision). 



The STEP iniplementation technology based on die STEP 
Stantiard Data Access Interface will be broadened and used 
in database tic cess implementations to allow concunenl 
access by product design and nianufacturing development. 



However, for industrial use, the database technology and the 
S'l'KP tiata access teclmology need to be extended and inle- 
gratect This process is expected to take seveml years. 

ACIS isa U.S.TsgfstBTed trademark oi Spacral Tectinolagy, Ific. 
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Providing CAD Object Management 
Services through a Base Class Library 

HP PE/SolidDesigner's data structure manager makes it possible to save a 
complex 3D solid model and load tt from file systems and databases. 
Using the concepts of transactions and bulletin boards, it keeps track of 
changes to a model implements an undo operation, and notifies external 
applications of changes. 

by Claus Brod and Max R. Kubiin 



A solid 3D inoclel is a highly complex data sinirnue rotisist- 
ing of a large nimiber of objects. The itiudeling process re- 
quires flexible, fast, reliable, aiul generic nieaiis for maiiipu- 
liiTiri^ t liis sinictui-e. It must be possible to save tlte data 
stnjcture to and load it from file systems and databases. 
Pun liciriiore. application suppliers need \^ersatile inteifaces 
For comiiYunication between the modeling kernel and the 
applications. 

Tills article describes how the requirements of the solid 
modeling process translate into requirements for a (^AD 
object tn^magen and how IIP PE/SolidDesigner's data struc- 
ture manager (DSM) is designed to meet these needs. 

Besides data abstractions and powerful toois for debugging 
networks of data, DSM provides a basic data object, the mi- 
tity. An entity s Functionality is used by the entity wmnager 
to tile, copy^ and scan riets of entities. The cluster manager 
module adds capabilities for Ijuilding subnets witiiin the 
whole datastnKlure (rtt/sffrs) mid m;mipulaling I hem. This 
makes h possible to slice (he model into manfigeable pack- 
ages that can l>e sent ai'ound tlie world to subcontractors for 
distributed modeling. The state wamigpr imiAenieniFi a 
transaetion mechanism, which allows tlic user to bro^vse 
tin f>ngh the modelitig steps and undo chimges to tlie model 
at any time. 

The DSM compares quite nicely with Loday*s objt^ctoriented 
dataljases and impiements niosi of their features without £he 
overliead that is often associated with them. 

Require men ts for a CAD Object Manager 

A CAD object manager provides the data infrastmclure for 
the CAD system. It is used by the other components to build 
and change the model. At the s^mie lime, it is a base class 
library for internal and exiental piogranuners. It must fulfill 
many different user requirements. 

It must be able to handle extremely Uirge and complex data 
structures. When there is a claace of algoritluns, the algo- 
rithnt with the best behavior for lai^ge data sets must be se- 
lected. 

A typical modeling operation changes maiiy indHidual ob- 
jects and the stnicture of the rnodi^l. Kach sut4i chartge in- 
volves the object mmiager, so its oiieraiions will \w called 
vei-y often. Their (tverhead must be keijt at a miiiinmtn to 



present the object manager from bettaning tJie performance 
bottleneck of the system. 

Because of the large number of objects, it is also essential 
that the object manager add only marginal overhead In 
renns of additional memory to each object. 

In a CAD model, many kinds of connections between ob- 
jects me needed. The object manager should allow imd sup- 
port itot only the types of comiectioas that the core product 
needs, but also any other kind of coimection that thirti-party 
applications or fiiture modules may require. 

CAD progi'anis are large projects which are developed over 
several years and evolve with the customers' needs. Not ail 
of these needs can be anticipated in the onginal flesign. 
Titerefore, the object manager must be tlexible enougli to 
ailow laiej' extensions, both unlijnited new coimecti^ity and 
completely new kmds of ol>jects. The latter requirement is 
also essentia) for ttiird-party applications. 

The core solid modeler and its applications operate on the 
same model. The objetl manager must offer both sides a 
view of the model and infonn external applications about 
changes m a generic way. Therefore, the object maitager 
must offer cotnmtmieation mechaiiisms and interfaces to 
ajiplications. 

The object manager's services are Uxsed when building a new 
type of object and dealing Vkith it. The developer of such a 
new object will appreciate every kind of stippoil that the 
objef t manager can provide, such as debtigging tools, handy 
utilities for frequent tasks, or a library of commonly needed 
basir; data stmclures, such as lists, tables, stacks and nets, 

Fijially, the oiiject manager must provide generic luecha- 
nisms to store objects and wiiole models to a file system or 
database at\d to load models from there, that is. it has to 
make the objects persistent. 

The design and the use model of HP PE/SoUdDesigner add 
some special reqtiirements to those jiLst desctibcd. To stip- 
port later extensions and the genera! ctJtic^ept of openness* it 
is essetitiai that existing object schemes be able to evolve 
while reitiaining fully cfnnpatiljle with ok] data. Ftirther- 
more. the objint niatiagen or data stnicture uianager (DSM) 
in HI' PE/SolidDcsigjier terminolog>'. nuist support a 
transaction concept. Transactions must be freely defitiable 
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to allow niocleling steps tliat the user perceives as natiiral- 
T\w data striK lure Tiiyjiager must record all ctumges t<.j tlie 
model in a transaction to be able to roll Uiein back in an 
undo operation. 

The DSM must help (o ensui-e model consistency even if 
errors occnr fnteinally or in external applications. Tlie trans- 
action mechaiusn\ can be used to tliis end. 

Concurrent cmgineering is becoming more and nujre irnpo!- 
tant in <*omputer-aided desigfi. Files liave li) be exchanged- 
Parts of the model aie developed independently an<l assen^ 
bled later Hie data structure manager must support asseiti- 
blies of parts juid the exchange of f>arts. 

Design Principles 

IIP PE/SolidDesignej 's data .structure manager was designed 
with both the aliove list of retiiiirements and some iu'diitec- 
tural prind])les in n'lind. 

One of HP PE/SoiidDesiguer's key pnnciples is to offer a 
highly ffynamic system with veiy iVw static restrictions. The 
DSM has lo support not only today's Jiiodels, but alscj futiLre 
modelSj so there should l>e no fixed limits on the size or 
number of objects. Additionally, die DSM nnisl offer mecha- 
nisms to define new" objects and object types at run time. 
This is especially important for external applicalions. 

Each object should only know abuiil its direct neigbbors, 
not about tlie overall stnjctuie of the niodel Special datii 
niatutgers are used to collect the local knowledge anfl fbmi 
a global picture. Tliis reduces interdependencies l>etween 
objects which would make later extensions a dauntmg antl 
dangeroiis lask- 

The sequence in which DSM's algorithms traverse the model 
is not fixed, Suice the objects cannot and do not rely on 
fixed sequences, DSM can also employ parallel algorithms if 
diey are needed and are supported by the haidware ainl 
operating system. 

Problems in the data structure or in object be[ui%ior must be 
detected as early as possible. In it,s debug version, tlSM 
checks the consistency of the model thort;)ughly and offers 
advanced debugging mechanisms to supjjort the program- 
mer, bi the versicni shipped to the customer (the productit^n 
version), DSM still eniiiloys robust tdgoritimis, but relm- 
quishes debug niess^^iges and the more elaborate tests for 
optimmu peiformance. 

Basic Data Abstractions 

One w ay to look at the data stnictnre manager is as a pro- 
grammer's toolbox. As such, it provides all common l>inkling 
block classes: 

• Dynamic arrays 

• Lists mcluding ring lists 

• Stacks 

• Hash tables 

• Dictionaries such as string tables and address translation 
tables 

• Bit sets 

• Vectors, matrices, and transfom^atioas 

• Evejits 

• General neWorks of objeets. 



ITiese building blocks can be combinefl to form real-world 
Ijrogramnuug objects. They shiire basic functionality to stan- 
daitiize their manijiulation, such as functions to load arul 
store them, or to scan the data structure and apply a method 
1 o each of its elements. 

The most important data structure in IIP PE/SolidDesigner 
is the general network, DSM provides net node objects and a 
net majiager class. Each node maintains a list of nciglibors 
m the net* To obtain inlbnnalion about the network as a 
whole, tJie net manager visits each mchvidual node, caiLs its 
local scan function to retrieve a list of neighbors, and pro- 
ceeds with die neighbors until all nodes in tlie uei have been 
■^dsited. 

DSM Object Management 

The core of DSM is formed by the detmitio!) of a generic 
object, or entity, and manager flashes rhai deal wiiJi various 
aspects of entity administration, delivering bigher-level ser- 
vices. h\ the foiJ owing, w^e will outline the DSM entity ser- 
vices, begiimmg widi die defmition of iin entity, 

Entilic^s are nocles in a complex network. As such, they use 
the nelwork functionality described earlier. Additionaily, 
specific entity lunclions deliver the basic services for trans- 
action hgjidling, filing, object copyh^g, run-time type infor- 
mation, and odiers. 

To benefit From the DSM services, a progiammer simply 
derives a new ot(ject iVfini the entity base classes and fills Ln 
a lew ol)Ugatory functions. Almost every object iji an HP PE/ 
Solid Designer niodel is an entity. 

Entities provide a method for inquiring their Type at run 
time» The type can be used to check if certahi operations are 
legal or necessary for a given entit>^ Object-oriented soft- 
ware should try to mininvize these cases, but it caimot com- 
pletely do witliont Ihem. An HP PE/SohdDesigner model is 
an inliojnogeneous iietwork of entities. When scanning tlie 
net, one finds all kuids of entitles. The algorithm tliat in- 
spects the net often applies to specific types ol" enthies m\d 
ignores others. But to ignore entities thai we aie not inter- 
ested in, we must be able to check each entity's type. 

In an ideal world, type checks could be avoided by using 
virtual functions. However, to provide these in the base 
class, it would be necessary to anticipate the fimctionahty of 
d envied classes before they have l>een created, including 
those that come fi'oin tliiid paities as add-ons to the 
product. 

Run-time type infonuation h^ts been imder discussion for a 
long time in the C+-h ccamnunity, and is only now^ beconvirtg 
pari of the standard. Therefore, we had to develop our ow^n 
nm-time t^pe system with the following realiires: 
No memory' overhead for the individual ol>jec1 
Ver>' fast type check 

Checks for both idcnticai and derived t>pes 
Registration of new entity types at run tune. 

A pure entity is a ver>^ nsefiil thing, but certain types of enti- 
ties are needed so often that we iini)Iemented not only one 
base class, but also a set of standard entities which offer 
certain additional fiinctionahtv; 
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Standard Entity l^'pes 

The three most important standard entities are attributes, 
relations, and ref count entities. Attfibules are attached to 
other entities and maintain bidirectional links to them auto- 
matically, so tiiey save the user a lot of housekeeping work 
For aity given type of attribute, only one instance can be 
attached to an entity: A typical example is the face color 
aitiibuie. If a face already has been marked as green by a 
color attribute, attaching another color attribute, say red, 
will automatically delete the old attribute, 

Retafions are like attributes, but witlu>ut the "one instance 
of each type" restriction. One of the many applications is for 
annotation texts. 

Attributes and relations often are the entity types of choice 
for a third-party module. They can be attached to entities in 
the HP/PE SolidDesigner core, and even though the core 
doesn't have the faintest idea what their pinpose is, tiie con- 
nectivity will be maintained correctly through all kinds of 
entity and entity manager operations. We also use this tech- 
nique in HP/PE SolidDcsjgner itself. The 3D graphics mod- 
ule, for example, calculates the grapliical representation for 
the kernel model and then attaches the result to the kernel 
model as attributes. 

Refcount entities maintain a reference counter. Other enti- 
ties til at have a reference or pointer to a refcotmt entity 
^'acquire" it. Only after the las! owTier of a refcount entity^ is 
deleted is the refcoimt entity destroyed, (You can tlunk of 
refcount entities as Uie equivalent of a hard link in a file sys- 
tem.) Refcount entities can be used to share entities in the 
entity network to Improve memory utilization and |>error- 
mance. We use this type of entity extensively for HP/PB 
SolidDesigners geometiy. 

Nearly all objects in HP PE/Solidl >esigner are entities, de- 
rived from a common base class, Currently, there are more 
than 600 different entity tyi>es lit HP PE/SoHd Designer 
Being derived from a common base c^lass, they inherit a scl 
of generic futictions which can be at>plied to miy of these 
600 different entity types. The must important of tiiese func- 
tions are create, delete, copy, store » load, and scan. 

HP PE/Sol id Designer allows loading third-party nwdtiles at 
run time. Completely new entity classes can be integrated 
into the system dynamic;dly. Tlius, third-party applications 
can implement their own entity classes. Entities in external 
modules are not restricted In any way compared to entities 
ii^ tiie I If- Ptl/Solid Designer kernel External entities inte- 
grate seamlessly into the existing entity network and share 
aU the entity services provided by DSM. 

The Entity Manager 

111 HP PE/Solid Designer, entities can have any type of con- 
nection to other entities. A 3D body, for example, is a very 
complex network consisting of dozens of entity types. In the 
entity network of a iK)dy, tliere are substructiu'es such as 
lists, ring lists, and trees of entities. 

An assembly in HP PE/Sol id Designer is a network of other 
asseml)lies or subas,seml)lies and '^D solids (parts). This 
creates another level of structure^ in tliis case a directed, 
acyclic graph of entity networks. 



Suppose we want to copy a part. To do that we (1) find all 
entities that belong to the part, (2) copy each single entity, 
and (3) fix up any pointei^ in the copied entities. Fig. 1 
shows what happens to ti*"o entities El and E2 that have 
pointers to each other. First, the entities are copied. In a 
separate step, the connecti^it>' is fixed. This must be a sepa- 
rate step because when Elc is created (assuming tJiat El is 
copied first), we do not know yet where Cat wiuch address) 
the copy E;2c of E2 v^ill iw. 

Copying a network of entities in HP PESolidDesigner is a 
reciuring, nontri\ial task One has to be a'ware that we deal 
with djmanuc and inhomogeneous networks mtii entities in 
them that we might never have seen before because they 
have been added to tJie system by a tiiird-party module 

For copjing and other entity network services, HP PE/Solid- 
Designer uses mmiager classes^ The entity manager class is 
an example of a manager class. 

Copying an Entity Network 

How does an entity manager implement tiie three steps in 
copying a part? Step 1 (see Fig. 1) is to find all entities that 
belong to the part or network. Tlie entity manager only 
knows that it deals with km iiiiiomogeneous network of arbi- 
trary entities (potentially of unknown type). To find all tiie 
entities in a network, the entity manager neetls Kome infor- 
mation about the structure of the network. It collects this 
infomiation by askit\g each entit>^ about its direct neighbors 
in the stmctttre. Suppose the entity itiaiiager starts \\dtii en- 
tity EL El wiii tell it, "My neighbor is E2." The entity man- 
ager will then ask E2 the same question, and tiie answ^er will 
be^ "My neighbor is EL"" Tlten — oops, we had better stop 
here or we will fall into km endless loop! So we see ihiil the 
entity manager aiso has to remember whic h ini titles in the 
network it ah-eady has visited. 

How can the entity manager ask an entity a question, ami 
how can the entity give an answer? The entity manager calls 
a liuictit)n (method) called ,scari. Each entity <!lass in 
IIP PE/SolidDesigner pro\ides such a fiuietion. We also 
call this function a local scmuter. The i>hilosophy beliind 
tiiis is that each entity has a local context^ that is, it knows 
its direct neighbors since it has poiniers to Uiern. The entily 
manager uses thLs local knowle<ige of the em ities to move 
forward in a network of entities from one entity to the other, 
at tiie same time making sine thai each entity will be visited 
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Pig* !♦ S|pp,s in cop>inj; two £?nt.itiei» timt h«we poLntL^ni tii each otlitT. 
(a) Bt^fore f^opying, (b) After fropying. (c) Aflr^r t30ifiter (cin version. 
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only cmct*. This wi^ c;dl gtohal .st aim in if, mu\ it is iniple- 
mented inihe entity Jiiaiiager's scan ronction, 

Tlio rest rid ion tiiat oarli f^nlity in tlio iit^tuark In only \isited 
oiite becaiiips really iiripi>r1ant ojdy if a letiain operation 
has Lo be executed on each entity. Therefore, the entity man- 
ager's st*£in function not only receives a sliirt node (the cntiy 
point into the netvi'ork), but also a task f ami f<m, which is 
caUed for each node thai is visited in the netwqrlc. 

With I he knowledge gained from scanning tfie network, we 
can ntove lt> step 2, coi)ying each entity. The tai^k function 
that is passed as a t>arajneter lo the entity managers scan 
metliod solves this part of !he problem by calling tlie ropij 
method of each entity. This is anotiier method rliat eveiy 
entity in the system provides* 

Willie in step 2, we hav{^ to make provisions for I he next 
step. We recoi'd in a tabic* W'here each ernity lias been copied 
to. For each entity, the task fimction creates ait entry of the 
form [olfj entity acklress, address of t lie copy] in this table. 
Actualiy lliis talile is a hash table that can lie accessed nsmg 
tiie ohi entity address as the key. Addr esi> translation tallies 
like thi.s are used in many other places in HP PE^SohcLDi^ 
signer, so DSM offei^ a special pointer dictionary class for 
this pnri>ose. 

After step 2, we have a copy of each entit^^ Jind we have built 
an address translatioji dictionaiy. Now we're ready for step 
3. For each entity in cnir tiictionai^^. or more jirecisely for 
each entity recorded in ttte right side of a dictionaiy entiy, 
we call another method, convert pointers. By calling tiie 
convert pointers method, we request that the entity rem vert 
all the point CIS it has lo<al know ledge of. In the case of the 
entity Elc (the copy of El ), for exmnple, this nutans, T have 
an old pointer to E2, and I need to ktiow wliere the copy of 
E2 [E2c) is." This question can be answered using the ad- 
dress translation dictionary built in step 2 since it has tui 
ento' or the fbnn [E2. E2cj in h. Mter we have ealled Ihe 
convert pointers method for each copied entity we are rin- 
ished. We have copied a netu^ork of entities witjioul know- 
ing any of these entities! 

So faiv ^o good. Now we know how to copy a network of 
entities in main nieiiujiy^ At scmiepouit, the entitles will 
have to wander froni main menioiy to pemianent storage. 
Tlierefore. let us examijw iiext how we store and load a net- 
v\ ork of entities into and from a file. 

Storing and Loading an Entity Network 

Storing and loadinj^, like copying, aie operanons on a net- 
work of entities. Tlterefore, the entity^ manager provides 
these functions. Slorini? a network of entitles works like 
this: 

(1) Open a tile. 

(2) Find all entities that belong to tjie iiet.work. 

(3) For each entity: 

(a) write an entity header 

(b) store tlie entity 

(c) write an entity trailer, 

(4) Close the file. 



Besides opening and closing the file, storing essenrlally 
inean.s writing each entity in the network into a file. This 
soimdn simjile ermugh. Tf> soh'c t hc^ problem, we can even 
use existing functionality The entity managers scan method 
will help ns find all enfitii^s in a netw'ork, just as it did for 
copying. 

All we have to do is to provirh' a neu^ task function which 
executes ste[) :'i Tor each enlity In 3a and 3c we wrile admin- 
istrative infomiation I hat we will neerl tor loading. For 3t> 
we need a way to st^re an entity generically. Of cotirse, we 
want not only to store. Injt iilso to load entities. Thereff irej 
each entity h^is a store metliod aiui a load method. The store 
metliod is an ordinaiy member function of the ol>jech llie 
k^ad method, however, is a static n>eml>er function si [ice it 
creates the object out of the blue (well, actually, from the 
uifontiation in the file) and then returns it. 

When everytliing Ls stored, the file contains entities in a 
form ttuit is eciui\alent to the situation in step 2 in the entity 
copy operation. AU pointers between entities me irvvjiiid, 
and (hey liave to be fixed w^hen the file is loaded again. 

Loading a file is also a task for the entity manager, since it 
deals with a wliole netw-ork of entities. LoatUng works as 
follows: 

(1) Open the file. 

(2) ^Miile not at the eufl of tlie file; 

(a) read tlie entitj' header 

(b) call the entity's load method (a new entity is 
created in main memoiy) 

(c) enter the entity informatioii into a dictionaiy 

(d) read the entity trailer. 
(S} Close the file. 

(4) For each entity^ in the cUctionaxyv call the coiiveit point- 
ers mettwd. 

Reading the Entity Header The entity header contains two 
imiKjrtanl data items: the entity type and a virtiicil address. 
The entity majiagcr uses the entity ty]>e to decide which of 
the 1300 or mrjre different load fimctions is to be called. 
When storing an entity, the ot>iect exists and its store 
method can be t^alletf When loading entities, a different ap- 
proacb must l>e taken, The canity manager maintains an en- 
tity^ type table which can be added to dynamically For each 
entity, the table contains, among other things, a load 
function. 

Note that an entity tyi:>e translates into a class m C++. All 
objects of a class have the san>e type (for example, face). 

Tlie st^cond data item m the header is the nrtanl entity od- 
tin'fis, Tlie virtual address is a miiijue entity II) which is used 
lo represent pointers betw^een entities in the lile. When stor- 
ing an entity, the entity does not kmow where a neighbor 
entity- that it points to will be placed when the file is loaded 
agaui. Therefore, all point ei^ between entities in the file are 
\irtiial pointer ai^d have to be converted after loadhig the 
file. 

Caliing the Load Method, The entity manager delects the type 
of the entity from tlie entity header. It will then call the righl 
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Exception Handling and Development Support 



DSM has rts iddis in the late ^^ties— the earfy (teys of C^-*-. Compilefi d»dni 
support- "' -. - .^^ 



ysimiiano 



n impiementeo in tooays !^+* compTsers. 



HP Pt/SobdDesigncf 5 Oioa is divfdsd into code modules Eadi module has fts 
own f77ffl?i//e mfarm^tiQn object cm^amnq [noduli'Specihc enor codes af>d rrres- 
sages fn case of an Btrci coiKiu^on iriSJde a marfule. ite code Triggsfs the excep- 
i»on mechanism by thrawng a pointer tt the module infornBtion ottject 

Code that wants to catch an exceptiDn inspects the module information ob|ect 
returned by tti^ ejicepiion mechanism and acts aceordmgly !f it has alrBady aHo- 
cated resources, they are cleaned up and returned The exception can then be 
ignored (and suppressed I or it can he escalated to the next code level 

"Hie listing helow shows a code example for this. You may notrc-e tt>e similarities 
to the exception handling mechanism introtJuced with C++ 3.0 Now that the 
ttirow/catch mechanism is tmalJy available in many C++ compifecs on various 
platforms, we will be able to adapt it with only a tew changes in the code 

int p roc essji let const char ^consttnamej 
{ 



int words- 
RLE ^file = 



// clean up resources 



"my 

tile = opfirt_filfiifrramfll; 
words = count_words{file); 
closajileifiiel; 
file = 0: 
RECOVER 
\Un\B\i 

clQse_fil«ffltfl); 

fila^Q: 
} 

fl handle spsqjfic Bxceptions 
If tdsm_exception_CDde ~ F2_C0HE;'infD„ptr) t 
!?wiich(F2_CDRE::errno) i 
esse F2_C0RE; BBEAK^RECEiVED 

^/ Wfi won't Bscalate this "scift" ExcapUon. 

handle^breaM); 

break; 
cassF2.CDRE::MEM_0VL: 

// Free mertiory blocks allocated here, then Escslata the prDhJem. 

free_my_memll; 

ESCAPBdsm_axcfiption„codak // "throw" in Cn 3.D 

break; 
defauFt: '' 

break; 

} 



// User has cancelled processing 



// Out of mernory 



load fuiu'tirm. using thr information m its \y\fv table. This 
Liaii.sl>rs tlte conlrul to lltt' Piitiiy'i^ loarl iittHhod wiiicii is 
responsible for riTatirig a riew entiiy frniri tht* data m tbe 
file- Tbe new entity is rtHamecJ to tire entity manager. Creat- 
iitg tin entity from i\ |*iveit type implements a %drtual 
const rnrtor function, wWwh is mLsHing as a langnage cle- 
ment it I r++. 

Entering the New Entity into a Dictiottary. Here we create an 
eiitw in a dicliottaty Hial erjntains the viiliuil entity address 



}etse{ 
// Pass up all otMif excepiions, 
ESCAPEids!n_eK c Eptien_ code). 

} 

ENO.THV 
re<bim words. 



} 



Development Support 

To hno problems pcoactively, DSW stresses the importance CFf ch^tkin^ precomii- 
tions, mvatiants, and postconditions, l! offers convenient assertiOTi macros and a 
context depondent runtime debtigging sysiem which uses debug module nbi&cts. 

Ihese dehu^ module obfects hold their current debug level whfch can be checked 
using macros and set during run time. A debug module \% associated with a cer- 
tam code area. This allows fme-g rained control for debug checks and messages. 
We think this control is (mportant for the acceptance of a debug system, the pro- 
grammBf will tgnore debug messages if there are too many, and won't find the 
system useful if it doesn't deliver enough detail where needed. 

Macros are provided to reduce typing and #itdeJ constructs.: 

bo^]! compare (con St char 'st, const char *s2} 
{ 



//for run 'time profiling 
//iraCE program flow 



// check precondition 



//check postcondition 



ME^MDD ULE_ STOPWATCHC" compared fool. 

iffDEBUG.iEVEL(foa) >- DEBUG_CALLSi{ 
fpnntf(DEBUG_STREAM(), 'compare called"), 
1 

DSf^_ASSERTis1 && 52); 

// Now calculaie the result 

DSM_ A SS ERT{$Dnifi_co n dm q n I: 

return TRUE, 
} 

DSM also defines special debug moddles to switch on sophisticated debugging 
tools There are tools to find memory leaks, to calculate checksums for objects 
[allowing us to detect Illegal changesj, and to create ruri-time profiles lor the 
code. 

In a software package as large as HP PE/Sol id Designer, the common UNIX profil- 
ing tools were not applicable. Therefore, we had to build our own m of versatile, 
etfielent and highly precise utilities You can define a siopwmch for any funciion 
that mtght need profilmg, and you start and stop the stopwatch using the debug 
module mechanism. The results can be analysed, producing a hiararchical call 
graph that shows what portion of the run time was spent in the individual fune- 
tit}ns. We can also find out the amount of memory allocated for a function at run 
time using those tools. 



Ml I he file and the new real address in main memory. These 
values will he used in pointer conversion. 

Reading the Entity Trailer. Ulien the entity is loaded, the entity 
manager resninr*s conirol by reading the eiitiiy Irailer Tliis 
might appear io be aji aititicial overhead o[>t^^^:^^''^^'^ ^^^^^ ^^ 
ntakes sense when we consider t be dy nan tic imtnre of the 
system. We menttottefl earlier thai new entity ty^jes can be 
created and regis! ereil tlyrminically, for examjile by a Ihird- 
pai1y modnle. When stoting an entity net vvr>rk. these entities 
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ai^ a!so .stored. A user might try to load ^uch a file inlo an 
HP PK/Snli(lEU\signer'systmi I hat ilrws not know about 
these entities because Mie tliird-pitrty niotliile has not been 
installed. W]ien the entity manager loads such a fde, it will 
encomiter entity headers of entity types for vvtiicli a load 
function has not been annoujiced. Here's where live entity 
ti^ailer lielps. 1lie entity manager si it iply ski|>s all to i J (i wing 
data in the II !e until it finds the entity trailer. Tlvus, BP PE/ 
SoHdDesigner ignores imknown entities in a file, but it can 
still load thp rest of the file. 

Converting Pointers. After load irvg. all fjoinlers between enti- 
ties are viHiial and have to he eotueiled into reaJ memoiy 
addresses. For eaeli t^ntity in ttie (fietionaiy. (hat is, tor each 
entity that has been loiided, its cotivert i>ointei-s nietht>d is 
called. We have already discussed this metliod for copying 
networks of entities. Eaf:h entity kn4)\vs ifs pointers to other 
entities, and it iisks the entity nianager. Now 1 Iiave a vim led 
pointei ro t^ntity El, so please tell jue where El is in main 
niemoiy." For each pointer, the entity chills tiie entity manag- 
er s convert pointer service function. Tliis fiuiction is passed 
a \irtnal entity address and returt^s the real menioiy address 
of the loaded entity. The dicti(aua:y buili wiiiie loadtrig tlie 
file contains the necessary infonnation. 

When all entities htive been converted, we have wriften a 
net woi'k of entities into a file and Iciaded it from theie wit fl- 
out knowing any of tlie entities in dettui. Tlie analogy to the 
ropy ot>era(ion does not come by cjianee, but is tlie resnlr of 
careful design. I^'or cop>ang or sttniug ancJ loading entity 
networks, fJSM employs the sanie functionality wherever 
possible. In theoiy, we co\dd have baijt the copy operation 
completely on a store and a subsequent load operation. 

Entity Revisions 

As the CAi> system evolves, the need arises for changes in 
entity layouts eilher l.>y adding a new data IwM or by chang- 
iug the meaning fjf an existing one. hi oljjec! <laUibasetenns, 
tins is known as tlie sctiema evolution prolileiUH The load 
fiuicdon of a DSM entity caji elieck the revision of the entity 
in the fde before actually loading the contents of tlie entity. 
Dependin^^ on the entity revision, the load fmiciion will tJien 
kJU)w what data fields cU-e to be exjiectcd in tlie inpui. This 
meaiLs (ha( I lie load fimction is prepared for a/ny revision of 
the entity TJie saiiie holds tine for tlie store fimction, which 
can write different revisions of an entity cle[jending on die 
given storage revision. 

Til is featine ensm^es upv^^ard compatibility of HP PE/ 
Solid Designer files. .^11 new versions automatically know 
about the old object revisions, tmd no converters are neces- 
sary. In database language, our object database can be inho- 
mogeneous with respect to entity revisions. From a pure 
DSM point of view. e\eii downwaid conifjatibility is pos- 
sible, since you can set I he storage re\isioii to a j3re\ious 
level mtd Oien save a model, as long as the new ^je\ision did 
not in trod tic e new entities tliat are essential for the o\ erall 
consistency of the model in the new scheme. 

The Cluster Manager 

From the entity mmiager's point of \iew, the cuiTeni HP PE/ 
SolidDesigner data model is one coherent network of enti- 
ties. Each and eveiy enttt>^ will be reached when the entity 



manager's global scan method is used. The user'?, jjoint of 
\dew, however, is different. The user works witti welb 
defined objects such as parts, workplmies, assemblies, work- 
plane sets, layouts and so on, whicli can be arranged in a 
hierarchy An ^issembly is like a directoiy in a file system, 
ai^d a part is like a regulai' fde. Asseml)lies can have sub- 
tissemblies jiisl as directories emi have saljdirectories, and 
paits and assertibties can be sliaied just as directories and 
illes can be linked in a file system. 

The cluster manager closes this gap between the entity 
world and the user's perception. It creates facilities to define 
a Hurler of entities — for example, all entities that tielong to 
ii ivdn. There is no hard-coded knowletlge about cluster 
St nicrtures in tlie cluster majiagen however Instead, the enti- 
tles in the network thenuselves define what the cluster is. 
Because of this flexibility, the cluster' manager can offer its 
services for any kind of entity network. 

The following algorithm collects all entities belonging to a 
given cluster X: 

(1) Start with a representative of the cl aster and look for all 
direct neighbor entities, 

(2) Ask each entity foimd during tlie scanning process to 
which cluster ii belongs. 

(a) If the entity's answer is '^l belong to cluster X/ 
continvie the searcli with the entity's neighbors. 

(b) If the entity answers "1 belong to cluster Y," the 
global search has in'ri\ e:i at a c luster boundary. 
The entity is excluded atid I he search vsill not be 
continued from this points 

Tlie entity manager's scan method helps ^Ith f 1), and the 
cluster manager [aovides a task fimction for (2). TTie task 
fmiclifjn's retimi value tx>nt rols Ikjw the entity manager nav- 
igates through the network of eiitif jt^s, It i*:^ die entity manag- 
er's job to find tiie neiglib<irs tor each entity cmd to ensm'e 
diat nodes are visited at most once, 

Tiune me implications for the topolog^^ of a cluster: it nmsi 
be ijossible to reach any entity in the cluster using a path 
tliat is completely ^itliui the clusten Figs^ 2 and 3 show ex- 
amples of correct and malformed clusters. 

Ht>w can ma entity tell to whlcli t. luster it belongs? Actually 
this is asking too much ot a tnere entity. What we can expect 
from an entity, however, is that it can pt>int us in the direc- 
tion of anothej' entity that is one step closer to the represen- 
tative of the cluster Each entity has a kwal master method 
for this purpose. 

In most cases, the entity chooses one of its neighbors as its 
local master, but thLs is not ot^ligatoiy. By following the 
trace laid out by the individual local master fijnctions, we 
will eventually find the main lepresentative of the cluster 
(which is special in that it ]Doii!t,y to itself when asked for its 
local master). We call this special entity the duster maste7\ 

Note that this is mi other case in which we build global 

knowledge from loc^il knowledge at the individual entitles. 

This is how we can define a chister stmcture in a complex 

network. ITie liiglilights of this tnethod are: 
' Tlie entity managers global scaruilng sendees are used. 
' Tlie entities need local context only. 

Only one additional itiethod, local master^ i^ needed for 

each entity* 
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• Hie approacli is fuEy object-oriented* The objects them- 
selves detennine the size, structure, and shape «>f the chis- 
ter. Coinjiletely new entities can be iniegrated into Llie cl Lis- 
ter in the future, and completely new clusters can t>e built. 

The clusfer manager offers services for storing, loading, arui 
copying clusters. It implements these b>^ using rhe enUty 
managers basic services. The entity inanager is controlJed 
by cluster manager task fLtncrlons, whirli tietermlne the 
(cluster) scoije of each operation. 

The cluster manager services can be used to handle an indi- 
vidual part or a workplane. Tlte cluster majiager alscj sup- 
ports hierarchical sinictures such as assemblies and work- 
pkme sets. 

Hg. 4 shows two !>i>es of sere wt invent. Tlvey share the 
shaft; only the blades ^U'e different. The paits browser show^s 
the pail hierarcfiy. Ilie r\olation **(P :2y indicates a shared 
jiarl and tlie backward an^ow '*<^*' indicates the active part 
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Fig. 3. Aa} EUegai cluster. 






(which is also higiihghted ui green). The shaft i)ai1 is ct:>n- 
tainefl in both assemblies. \^T\en iisin^ standard pajxs. we 
will in fact by default have many instiuices of the same part 
(or even witole assemblies) in multiple assentbhes. If we 
now change sonielhiitg in the shared p^ut (iit this case tlie 
shaft), we exijert the changes to be reflected in both assem- 
blies, sitifc both assemblies have a referenc^e to the same 
pait. This w^e call sharhig p<irts and as.setnMles. Work- 
planes can also be shared by using lliein in different work- 
plajie sets. 

hi the base vereion, IIP PE/SolidDesigner stores the made! 
data to files m the regulaj' Hie systeuA. To ensure that the 
sharing is jnesen'Cd when storing and loading models, the 
following rules a[jpiy: 
• Every object that can lie shared m tIP PEVSolid Designer has 
Its own nie iti the file system. 
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• For a i^harecl object, exactly one file cxisLs, regai'dless of 
hcjw niaiiy * >v^^ioi-s the objvv] lias. Thifi makes ^urv tiiat 
whciK^'cr the shared obje(;l eiiaiiges, ail iiisiaiiccs will be 
changed as well 

• \Vlien storing an assembly, all cjhjerts helow tlie assemtily 
have Ui be storecl hh welL Tliis ensures thai iheflriia iii tlie 
file system is coinpfele. so tlial aiiofiiei' HP PE/Sohd- 
Designer system am pitrk il up imniediaiely. 

• A file coniaiiis exactly those entities that correspond to one 
cluster, 

Svipfjose we want to store tlie scTewdriver assenibly. We 
expect tiial three llles will be created: one for tJie assejulily, 
one for the blade, and tnie lor the shaft. The cluster manager 
will do this lV)r ils; we Just tell it to store the screwflriver 
assembly. Il will Hud the |>arts and any subassemblies of I tie 
asscjubly on ii.s own. Since the cluster mai^ager nntsi work 
with an arl>jU'ary network, il needs ancjther entity method, 
scati rhthl elitsfers, to build on. This method is iinplemenied 
by those (few J er)tities that take over the role of a t^htster 
master The scan nielbod of each entity wntild not help us 
heie since it jus! gives us access to all dh*ect neighbors with- 
out helping us determine a direction. 

The tiuster manager uses the s<'an cMd clusters metJujtl lo 
fmci the children of a cluster iti a generic way. Applying tiie 
method reciu-sively, all objects wiihin the assembiy c;m he 
fouiui It is i:jossible thai a cirild will be reached more than 
once (lor instance, a standard screw w ithin a motor assem- 
bly). The chister manager keeijs Hack of the c lusters that 
have ab^eady been \isited to prevent a c-hist er frotn being 
stored twice* 

Given these methods, we am describe how an assembly 
(actuaOy. miy kind of cluster structure) is stored: 

• Start w^iLh the given cluster rUid find all <'hildien recursively. 

• For each cliild cluster, use the entity manager's store 
method to store the entities of the cluster into a sepai'ate 
file. The entity manager is contixjlled by a t luster managei" 
task hi net ion that makes sure that only those entities l)e- 
longing to the cluster are stored. A s}:)ecial store jjoirif ei 

f miction is respotisible for storing pointers to entities. 

Tlie store pointer function deserves a discussion of its owti. 
When storing clusters into several separate files, we will 
encounter pointer thai point from one cluster (file) to an- 
other, hi the case of the screwdriver assembly, we will Jiave 
at least two point em to the extenial clusters representing 
the blade and the shaft. Since the entity managers store 
ftinction by default stores all entities in tlie network mto one 
file, the problem doesn't arise there. By pro\iding a st^ieciai 
store pointer function, the clusltn^ manager extends rhe en- 
tity manager so that j:iointers are ehissiOed as external 
(pomting t(j auijthei^ file) or intenjaf when they are stored. 

ISTien loading an assembly, tJie cluster managei^ goes 
through die following pi-ocedm^e: 

(1) Open the file. 

(2) I'se the eniity majiager's load method (with the special 
load pouiters fuJU'Uon) to load all entities in the file. 

(3) Close the file. 

(4) While thei-e are external references to other clusters 
left, open the con-espondlng file and proceed with (2). 



An external reference is a pointer to an entity in a differettt 
cluster. To in tike sure that external pointers ai^e urianibigu- 
ous, we developed a scheme for unique entity IDs. An entity 
is assigned such an ID when it is created, and it keeps it as 
long as it exists. External pointers refer to these unique IDs. 

Tlie algorithm above is ajialogous to llnkitig relocataI>le oIf 
Jcct flies in tlie lit* I >X'--' tjperatini^ system. Wlien loafliug tiie 
file into IIP l^FVSol id I designer, it is the sfjecial load [Kjinter 
method's jtjb to detect external references, h^ step (4), the 
cluster manager heliaves quite similailv to an object file 
linker. ^Iiere the Unker needs one or more libraries, wliicli 
il searches for objects to satisfy opert references, llie cluster 
manager uses the LTNIX^' file system or a database as its 
library. 

The State Manager 

The state manager introduces a notion of transaction han- 
dling into f^l^ PF/Sr>lid I designer. Model clumges can be 
grout)e*l together lo form a suigle fnnistu tion. In database 
tecbnrjlogy, a triyisaction has Uie following tjroperties: 

• Atonucily. The transaction \safontk\ It must (Mther!>e 
eltjsed torn] lie tely or undnnt\ 

• Consistency- Transactions transform a given consistent 
state of tlie model into a new state w^hich again must be 
consistent in itself. 

• Isolation. Transactions do not influence each fjther 

• Durahihry. Tlie clianges made by a transaction cmmot be 
cancelled by the system except by special tmdo transacr- 
tions. 

Transactions in MP PE/SoUd Designer hkive these properties. 
They are nt>1 only usetl for ensming data integrity, however. 
Their main pmijoses in HP PE/SolidDesigner are to notify 
kernel apphcatiotis about changes in die model at defined 
mtervals (when a transaction is completed] and to ahow 
uiteractive mido operations. 

Tlie general model of ati IIP PE/SohdDesignei- transaction is 
shown ui F'ig. h, A traiisaction T12 transforms a given con- 
sistent model state SI itito a new consistent state S2. A roU- 
back to SI is possible. As Fig. 5 shows, il is also ijossible to 
roll forwai*d, that is, move towards the modeling 'Tutu re** 
after an undo operation. 

Bulletin Board 

DSM intitiduces a special mechanism to record changes to 
the model, which is the huilptiu boant Infonnation about all 
changes within a transaction are collected in one bulletin 



H||H| Transaction H^BH Transactiofi BUM 
UM^H #^ ^WQ^^fl 

' * Rollback tU nito) [ f 

flolt Fiirvv9Fd 

f*ig. B. HP PK/S(jlldDesignertraiisaclifin tiiodtd, A uansaciiDn 
transfornis one s trite into ant/tiiyr. A tninsacriini emi be rolled 
back or rolled forv^Tird. 
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board. In other words, the buUetin board describes the 

transaction ccjmptetely, so that we sometimes use "bolJeciii 
board" and "Iransaciion' interchangeabJy. 

A bnUetiii board is a collection of indhldual bitllefins. A 
biilJetin describes a dtange of state of a model entity; tliat Is, 
it contains delta infonnation. At the begimiing of a iransac- 
tion, the buJieiin board is eini>f y. Each change to an eJility 
creates a bulletin describing ttie change, so at the end of the 
traiisiiction. the bulletin board contains all c»r rln^ « lu^nges 
thai hajipened during !he transaction. 

\\"hen a transaction contpletes, a spe^ciaJ event, tiie transac' 
tioii end event, is trigf*exe<K Cpfkite hojidlefs subscribe to 
this event. Ulien ihey are called, rhey receive as a piyanieter 
a pointer lo the hnlletin board created in the transjiction. 
They can ihen inspect the contents of the tniilellri board to 
look for (changes that they have to act upoit, Tlie '-^l) graph- 
ics module- for example, wMch. slightly siini>Urying diingSt 
is just an update handler, checks for the creation m changes 
of 3D bodies. It tlien creates a faceted gratrhics iiKidel from 
the change infonnation that is suitable for sentling to a 
graphics iibrar^^ Suice it (,>nly deals with tlie delta informa- 
tion, die :JD graphit^s hmidler will in general complete its job 
more i|iuckly thiui if it regenerated the whole graphics 
model alter each trartsaction. 

An iipciate hantDer may also chcH>se to ignore the bulletin 
boai'd infoiTiiation. It will then use the tTaiisaction end event 
as a reguiar oppoiliinity for clemiup tasks or to rescan the 
nux lei. Most update handlei^. however, use the info mial ion 
In the f>ulletin tsoard to optimise tlieii- work. 

Changes 

Tlie DSM s state managc*r module uses basic entity services 
to create l>ullctin board information. To jirovitle systeuiwide 
ti-ansaclion handling and tlie uniio tuechajiism, each etuity 
has to follow a few sijuple conventions. Tlie uiost important 
of these cuiwentions is thai befrn'f' any kjufl of change lo 
itself f an entity Iulh to announce die change. It does so by 
emailing a special iog changi- nietliod, which is provided by 
the pntity base classes. 

The log change method does a k*t. of things, First. It creates 
a bulletin la the buUetui board. The log change method is 
passed a vhamiP ft/pe hom the caller whiclt it also records in 
the bulletin. I sing the change type, the cluuiges are ckissi- 
fiecl, imd update handlers can ignore changc^s<»f iyi>es they 
are not interested in. They tan also ignore changes to cer- 
tain entity types. I'sing these two restriction types, ujxlate 
handlings cati nanow down the search to a few bulletins 
e\en if the Iraiisaction is vei>^ large. 

:\ller l)uilding t^he bulletin, the state manager uses the enti- 
ty's generic copy metltod to create a backup copy oT\hv 
entity. Note that the entity is still in the original state since 
tlte log change* method bus to he csdled before any c^hange 
takes f J lace. (To ensure that the conveiUion is followed, vte 
have huill exU*nsi\'e debugging tools tliat dinevi chimges 
that are not ajinotuiced ijroperly.) 

PcJinters lo both the entity m its current state aiul tlie 
hackuf> c^opy of the entity an^ maintained in the bulletin 
hoard. This gives the update hancJIers a t^hance to comt)are 
f []!■ daia ill ati eniiry l)efore and after the elmnge, nmkhig it 



possible for an update liandler to trigger on changes to inc^- 
^idual data items in the eniity. 

So Far, we have only discussed changes to an entity. The 
bulletin board also records creation and deletion inf omia- 
tion for entities. The entity base classes, together nith the 
state manager take care of this. 

In an imdn oi)eration, all changes to entitles are re\ ersc*d. 
An entity thai has been rej>orted as deletc*d will be rei*re- 
aied, and new entities will lie marked as deleted. (They will 
continue to exist in the systent so diat it is possible to roll 
forward again. ) If an entity" ttas changes during a transat - 
don. its backup copy will be usi^d to restore the <Friginal 
state. Again, we use tiie generic copy function in tlie entity 
base classes for tlus purpose. 

Relation to Action Routines 

The action routines [see article, page 14 ) defme when a 
traiisaction starts and ends. VVlieii the user selects an opera- 
tion in the user interlace, ati action routine will i)e triggered 
ttiat guides the user through the selection and speciOcation 
process. A tnmsaction is .started at the beguming of such an 
actioit routine, AtHer each significant model change, tlie ac- 
tion routine completes the transaction, Ihus tiiggering die 
tiansaction end event and ghing update handlers a chance 
to react to the changes. 

Wlien an action routine tennmates without eiTor, all trmisac- 
tions generated withm the acticm routine are usually merged 
into one large transaction. Tlius, the user can luido the ef- 
fect of the action routine m one step- If an error occiu's 
witliin an action routine, elU changes in die action routine 
will be undone using the generic rullbat^k mechiuiism and 
the information in tht^ bulletin l>oajTls. 

Some action routines also iiTiplement minisesmwhs. After 
collecting all tlip options and values, the operation itself can 
be triggered and its effect ]jreviewetf If the effect is not 
what the tjser thought it should be, it can be tindone within 
the action rout ine. The niinispssion will then use the roll- 
back uKH'tuuiisiii intenially The user chmiges t>arameters, 
triggers tlu^ operalion again, imd finally accepts the outt'ome 
when it tits the ext>ectaiions, An c^xampU^ of this m HP PE/ 
SolidDesigner is the blend action routine. 

In general, lK>weven operations can be undone using the 
intemclive undo mechanisnt At any poiiu. the user can 
choose Uj roll bac"k to a previous state. For this puff^ose, 
IIP PC/ScjiitlDesigner keeps the last n states (or liulletin 
Ijoai'ds) in menioiy where u is a iiser-coRfigurable valui'. The 
user can afso move forw*ard agaiti along the line of slates 
thai was crt^ated in the modeling .session. 

Fig. 6 shows TIP PK/SolidDesigner's user inti^rface for undo 
operatitJiis. 

As tllscussed eariier, HP PEySolidDesigners transaction 
mechjunsiii also offers an interface to external applications, 
lliat is, t he transaction end event. Third-party aiJplications 
subscribe to the event, and from dien on, thi^v can monitor 
all changes lo the model, One examtile of an "extemar ap- 
plication is the* 3D grat>hics module. Parts browsers, whic^i 
also liave to n*ac t to t hiuiges of the mndcl, aix^ anolhcr ex- 
atuple. Fuute-element generators can also liook into tlie 
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Fig. 6. l.iser jnirTlacie for ui\(\o opDmUons, 

trail suction end event to Iceep tiack of the model. Another 
possible external applicalion Ls one that [provides the cur- 
rent voliinic propeities of given bodies, (IIP PE/So lid De- 
signer pro\ides volmne c alt- illations, but the:^' have to Ije 
tiiggefeti explicitly from the iLser interface.) The bulletin 
lK>ard is the door-opener for external applications, making it 
one of the niowt iinjioTlant interfaces within IIP PE/Sol id- 
Designer. 

Conclusion 

Tliis artiele can only give a very high-level overflew of what 
DSM is all about. Much ol what really makes DSM usable, 
effective, imd efficienl is beyontl the scope of this discus- 
sion. We are confident that tiie data structiire manager is a 



strong and robust building block for any kind of application 
diat has to deal with cointJlex data networks. We have fourifl 
diat DSM deals with a lot of tjroblems that are tyt^j<!al for 
object databases: 

• Data abstraction { througfi a set of liase classes) 

• Object persistence (storing and loading olnjects) 

• Object st^lienui evolution (ehanges in object layouts) 
•Object clusteririi^ (bundling low-level objects to nser-level 

objects such as parts and assemblies) 

• Exchange of clustered objects, fully maintaining comiectiv- 
ity through unitiue objeci IDs) 

• IVansaction concepi wiih undo. 

By sohing all of these problems. DSM enables IIP PE/ 
SohdDesigner to suppoil tyjjietil modeling operatioiLS on 
user-level objects (paits, workt>lanes, etc.). In other words, 
it makes IIP PE/SohdDesigner speak m tenns tltat tlie user 
can easily undei'staiid. The support for object exchange Ls 
the basLS for modehng workflow solutions. Apart from tliis, 
the data stiaicim'e mmiager can seive as a general frame- 
work for any kind of object-oriented application. 
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Freeform Surface Modeling 

There are two methods for creating freeform surfaces in HP 
PE/SolidDesigner: blending and lofting. This article describes the basics of 
lofting. The geometry engine, which implements the lofting functionality, 
uses a single-data-type implementation for its geometric interface, but 
takes a multi pie-data-type, hybrid approach internally, 

by Michael Melzger and Sabine Eismaiui 



HP PE/SoIidDesigaers kernel fiuifdonality consists of sev- 
eral modules thai communicate thnjugh weH-tlefmecl inter- 
faces, supported by logical ehLss tlefmUicms cuul liierareliies* 
In Fig, 1, for exan^ple. the geometric daUi interface for the 
topolog^^ engine (the Boolean engine, see article, page 74) 
consists of three basic elements (j)oints> curves, and sur- 
faces) and ihe coiTesponding niility fimctions like intersec- 
rions. Thi^ tec hnicjiie tnaJ<es ir easy to add new fmu-tionaiity. 
F'm' exain|>le, irurodiu ing new geometi^ data ty]ws is jiL^ a 
matter of deU%eni)g all n^ember functions of the geomt^trif 
Interface for the new geometiy typp. 

The iniplementatton of such a concept looks simple, but 
reality lias shown lliat it t^kes a lot of effori to keep the in- 
terface clean and it> avoid t^opying and conveiting data. Tliis 
is eHt)et*ialIy true for tiata liavLttg t^jnnet^tlons on liotii sides 
of the interface, sucli as pieces of a curv^e or curves on a 
surface. 

The Geometry Engine 

hi designing a completely new implementation of the geo- 
metric kenirl for a solid modeler one hiis a chance to avokl 
Ihe pnjhiems of older implementations. What are the real 
l»rcfhlems of I'xistittg ini[>lementa(ir>ns? There art^ I wo fniida- 
mental approaches; [SIldiBS lihraries and hyl>rid tiiel[io<ls, 

NI RBS libraries have only one data type: NURBS, or non- 
nnifonn rational B-splines. This <iata type* can represent all 
analytics (Uke planes, cylinders, spheres, etc.) exactly. Tliis 
means tlmt complex freeform smtaces as well as simple 
analytics are lepresenteci with one sijigle tiata sfrLicturt'. Tlie 
geometricjii problems only liave to be solved for tlus single 
type. This sounds |)roniising, but it turns out that the algo- 
rithmic stability tlocs not satisfy die requiiements of IIP 
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Fig. 2. HP PE/SiilidI)esigner geomerjy engine. 




Fig* 3. (a) A lofts'tj siiititie, (h) hidliJig tmgiiuiti'rl iiKsliipdesigjL 
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Fig. 4. Speci^lng the tangent prolile^ a kind of vector field 
aJong a ^'iwve., mf[\mT\cf^.^ the* shape of a surface, 

PEVSolidDesigner. In addition, the performance is poor, es- 
pecially when analytic surfaces (represented as NURBS) are 
intersected. 

Hybrid metJiods are used in the HP PE/IVIE'JO kernel (Roniu- 
liis). AM poRsible getnnelry data t>pes me available, and 
clever special c;ise handling reyidls in higli peif oiTiiance. 
The disadvantage is that I he introduction of a new datatype 
is an enormous effort. In adchtion, the Romulus kernel 
doesn't distinguish iieanly enough between geonietiy and 
topolog^^ so building new functionaJit>* on this kernel can be 
very cumbersome and enor-prone. 

hi HP PE^SohdDe signer we tried to c ontbuie the advantages 
of both approaches. The advantage of a NLiRBS librar^^ (one 
data type) is realized in the class hierarcliy of MP PE/Sohd- 
Designer: the geometric iiiteiface knows only points, ctiives, 
and sttrfaces. For the uiternal geomeuy stntcttire the hybrid 
methtjd was chosen. Data t>^:»es iticlude analytic types 
(plane, sphere, cylinder, cone, torus), semianal>1ic t^^jes 
(parallel swept B-spline, spun B-spUne), B-spUnes, rtiul 
NURBS as an extension of B-sp lines. 




Fig. 5. l\lLfclii|>ly connected curves 

As shown in Fig. 2, HP PF/SolidDesigiier's geonieiry^ engine 
consists of three paits; the library encapsulator^ the atialytic 
geometry package (AGP), and the B-spUne/NURBS libraty 
(SISL). 

The library encapstilator deUvers many convenience fui\c- 
Hons For the geonvelric iiUerface and ensures its inlegrity Al! 
functions dealhig with geometi'y^ have to pass thtougti the 
geometric interface. The only exception is a small pan of 
tiie blenciing algoiirhm, which tV>i performance reasons by- 
passes the librai^^ encaj^sulatnr anrl calls BISL directly. 

The AGP was ckneloped by DCUBED Ltd. of Cmnbridge, 
KnglaJid and SISL was developed by the Senter for Industrie' 
\o rs k n i ng of Osl o , N o n^ay 

Freefornt Surface Modeling 

There are two methods for creating freeform surfaces m HP 
PE/SohdDesigner: blending and lofting. The remainder of 
tills article describes the basics of lofting. 

Lofting means the (exact) interpolation of a set of points or 
cun^es by a smooth cur^^e or surface. Fig. 3 shows examples 
of lofting. Lofting originated in ship design and was useti a 
long time before computers were mvented. 

Tlie mathematical solution of this problem leads to the defi- 
nition of splines. There are many spline t,vpeSt each having 
its specific advantages and disadvantages. The most com- 
mote spUne t>pes ai'e Bezier splineSt B-splines, aitd Nl'RBS, 

For CAD applications the most general splines aie NURBS, 
since they can represent analytics exactly. Tliis can be inv 
ponant when it comes to intersections of splines and ana- 
lytic surfaces. B-splines are MIRBS with all weights equal lo 
1. Tliey are more stable antl faster in intersections but can- 
not represent analytics (except the |ilane) exactly B-sphnes 
are made up of a sequence of Bezier pieces, connect etl ac- 
cording lo their contintiily at the transition points. We won't 
go into detail conceniing spUne matheniarics here since 
there is abundant literature on this topic. ^^ 

In acktkion to the pure intetpolation of points and cunes, 
lofting iillows the definition of tangent profijes at each 3D 
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Fig. 6* RpparanieiermiTg siirlaces by specil^iiigniaichiiig points 
on fliiferenl iiipul rim^es. 

cuive. A langent profile is a Idnd of \'ector field along The 
given rune, as sliowTi in Fig. 4. Both the directioas and the 
lengtlis of the tangents influence the shape of the surface, 

hi {uarlicai applications the user normally wjuits to intei'po- 
late not only a series of single cin'\"es but also a scries of 
mtilriply connected curv^es, as shown in Fig. 5. For this piu*- 
pose HP PE/'Sol id Designer coiuiects the incoming profiles to 
a single B-splme ciuTe. It is not required That a profile be 
smooth; it only neecis to be C^ continuous (closed). The C*^^ 
locations in the profiles later correspond to edges in the 
complete model. 

In addition to tangent profiles, the parameterization of the 
input niiTcs is another import atit factor deterniinii^g the 
shajK" ul'the lofied nuriace. \t\ HP PK/Sohd Designer, [lara- 
metenzation can be influenced Viy sj)lit ting tlte input curves 
at arhlTraiy points (match points) and flefining different 
length ratios in tlie subsequent profiles (Fig. ()j. Within a 
cune segmem, HV F^F/SolidJ)esigner tries to rreate a para- 
meterization accfjrding to the chord length of liie cuive 
(chordal paraineteriKation). 




Fig. 7, * lostnl [\timo(.iic) surface (Tiiittii usTng lulting. 
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Fig. S* Topologkai eleinents: vertex, edge, loop, fece. 

h is also iKJssibJe to create dosed (periodic) surface using 
lofting. In this case the first and last profiles are identical 

(Fig. 7). 

Topology 

Before explaining how topology is attached to the loft geom- 
etJVt some definitions are needed (see Fig. 8): 
" A vertex hes on a 3D point and can be \iewed as the comer 
of a face. 

• An edge is a bounded portion of a space ciir\'e. Hie bounds 
are given by two \'ertices. 

• A loop represents a com^ected p<)rtion of the boundaiy of a 
fece and consists of a sequence of edges. 

• A face is a bounded portion of a geometric surface In space. 
The boundary' is represented by one or more loops of edges. 

Given a B-spline stirface ohtained from the spline library 
using the profiie inteqiolatjon ntethod, topology has lo be 
built on tills siuface to get a loft l)ody. As a boimdan^ for the 
face, a loop consisting of foiir edges is created (Fig. 9). The 
edges lie on the first and last interpolation curves (el and 
e'3) and on the left and right boundaries of the B-spliiie sur- 
face (e2 and e4j. 

The interpolation profiles don't have to consist of only one 
cun'c per profile. F^or more complex shapes different cun es 
can be combined in a profile. It Is necessary to generate a 
face for each matching set of cmves. One way to do this is 
to use lofting to create a B-spline surface for each mat ching 
set and then build the appropriate faces on these surfaces. 
Because there is no exat*t specification of lujw the left and 
right l>oondaries of these B-spline snri'aces shoiikl look 
there may be gaps between the faces (Fig. iOa), This would 
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leaci to an illegal body, since all neighboring fai-es in a body 
have to share a common edgt^. When there are ?|aps between 
the faces no con^moii edge cm} be foiuid iind it isn't possible 
to generate a valid body. 

Tfi eliminate gaps, ihe curves in one profile are jot ii^^d rem- 
porarOy and only one loft surface is generated. 1 his 13-splijie 
surface then is split into appropriate parts at the slart and 
end points of the interpolation curves, Tlie faces are then 
built on 1 lie split siirfaees. This ensures tiiat there is no gai> 
between the faces. 

To match th(^ crvrrect cur\'es or the correct portions of the 
cunes it is necessary that all ciu^ es in a matching set have 
the same i>arajneter interviil This is ensurt^d by reparame- 
terizing all cur\TS belonging to the same malchhig set to the 
same (arhilraiy) parameter interval. Mler this all curves of a 
prof lie are Joined and t lie joined curves then automatically 
have tJie same parameter InLerv^al. 

A valid solid body miist describe a closed volume. Fui' liiis 
reason only closed interf>olation profiles are used. From 
these the lofting facility will generate laces forming a tube, 
which still has two open ends f Fig. 11). For each of the two 





Fig. 11. LDfliiiggeneraties a tube. Entliaces arf^ added tu inake a 

ends a planar face is addt^d. Theoretically these lO[> and bot- 
tom faces can he on any ty|>e of surface wi long as the first 
and last mterpolation profiles lie on the respective surfaces. 

Lofting Ln IIP PE/SolidDe signer 

Tlie siiline llbraiy allows aibitraiy 3D cur\^es in space as 
interpolation profiles tor lofting. To simplify the input pro- 
cess for the user, only planar profiles are allowed in the cur- 
rent release. Tliese planar profiles can e^isily be generated in 
a worlqjlane using 2D creation methods. All w^orkplanes 
containuig the profiles are gathered in a irorkptavf' wf. The 
user specifies which set of cunes should match in lofting. 
iJifferent matching specifications will produce different loft 
results (Fig. 12). 

Because the spline liljrary only accepts B-spline curves as 
intei7mlation ciu'i'es the analytic cmir^es in tJie profiles have 
to be api)roximated by B-splines. Another reason tor this is 
Llie above-mentioned joining of cUA-es in a profile to obtahi 
only one B-spline surface. 
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Fig. 10. (a) Illegal lK>dy mih gaps between faces, (b) The system 
generates a common etlge to elmiinate gaps. 



Fig. 12. Chiingiiig left results by specifying dilTf^rent set,s of 
niatctung curves. 
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(a) By [Jt^fuiiJijE! y tan^t^'nT clirpctii>n lu oup nr more* ^'f^rtjfos in thf 
lUTsfile. ( b) By spei^i^Tug a coiistaiU direction fdr Tt)i' entirt* pro&le, 
f r) By spet^ifyiiig aji migle a! om poltw nf Hu' pn ifile. Tlds angle is 
kept constani akmg the entire profile. 



Another |>ossibilit>^ for influencing the shape of the loft bcxty 
is 10 add tangent conditions. In HP P&'SolidDesigner there 
aje three different methods for doing this (Fig. 13): 
Denne a tangent direction to one or more vertices in the 
I>rafile. 

Specii^^ a constant direction for the entire profile. 
Specify' an angle at one point of the profile, "niis angle is 
kept constant along ilw entire profile. 

For topology creation, fspeciaUy face generaUon, the curves 
underneath the bimntling edges of the fat^es have to be de- 
termined. Because tjie lofting algorithms only generate one 
B-sjihne surface, to get a properly connected tube this stu*- 
iace lias tei be spht somehow. Because the single cun^es on 
the profties ha\e already been reparamet prized to the satne 
parameter interval for correcl matching, this knowledge can 
he used to split the B-spiine surface correctly; The boimd- 
aries of lite s|)ht siuface all lie on isoparatnetnc aifves of 
the k>fl surface. .\n isoparametric ciu\t is a cur^e on a sur- 
face that has a constant u or v (>arajneter vahte. In our case 
the lol'l direction is the v-parameter direction of the suiface. 
This means that the Jeft jyid rigltt boimdary curves of the 
faces are v-isoparametric cun'es. SpLitting the surface along 
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the v-pai^anieter values of the start points and eiidpoinl-S of 
the interpolation run^es will result in the desired subsiir- 
faays. The efiges rreateci on tiiese v-isoparanietxic curves 
are always conytron to two neighboring faces. 

Analjlic Surface lype Detection 

From a niallternalical iioint of \iew the inrerpolatkin task 
that ronsTitiites lofthig is finLshed when the B-spliut^ surCat e 
is create^!. From a CAD user's point of view the work is only 
partially finished. The reason is that it. very often happens 
that a lohefl l>ody contains B-spline surfaces that represetu 
analytical surfaces, mostly planes and cylindei-s. A CAD user 
wants to recognize these analytics in later processes for 
easiLT control in man u fact urin^. Data size, intei-section per- 
fomianct*, and stablilry are tnuc h better when dealing with 
analytics rathei- than ajaprnxinvaled ge(unctiy. For these rea- 
sons a clever anai>aic det eel ion algorithm is implpnienfefl in 
HP FE/SolidDesigner wliich replaces the B-spline mips by 
analytics after the B-spline creation and before the llnal 
topolog>^ is built. 

The algorithm is based on the geometry of the input profiles. 
If ciin'es of the same t>^)e are niarciied live basic defmitions 
of tiiese nurx'cs arc coni])ared (for example, the center of a 
circle, its radius, its staiting point, etc.). Then, sLmling from 
the first two profiles, a con^esponding analytic surface is 
built, hi the next steps tiie other cuwes along tlte profiles (in 
the loft direction) are examined to see whether they fh this 
smiace. If they do. the corTcsponding B-spline strji> is ex- 
changed and tlie neighboring topological information is 
adopted- This is done for each cuive in the profile loop. 
Since the algfrntlmi is fiascft on the profdcs and not on the 
lofted B-spline surface it is extremely fasi and takes less 
liiaii 1% of the time required for the lofting operation. 

Special Cases 

Lofting is a powerful tool for creating frcefomi surfaces in 
HP FE/SolidDesigner Oi> the other h^md, there is a danger 
of creating surfaces that ai'e not niarmla durable or that 
have properties that can cause problems in later operarions. 
For this reason, IIF PEl/SohdDesigner applies extra checks 
to ensure that the restalt of lofting is a clean body, Tliese 





¥\ii. 16. Spring created using the workplajie innlined corriniand. 

checks take extra time, normally more than t!ie creation of 
the surface itself HP PE/SolS ((Designer therefore offers a 
button on the iLser interfaee |{j su ileli off these checks, h 
makes sense to swhch the tests off in tlte surface design 
phase. For the final acceiitance, tiowever^ it is recommended 
that the tests be run, since a corrupt model cannot be re- 
paired later 

In the following examples w^e show the vai ituis properties a 
solid model shouldn't have. HP PPySol id Designer checks all 
of them and rejects the lofting operatio!i if at least one of 
them appears. In the pre\1ew modd the user can examine 
the object to find the root cause for the problen^ The forbid- 
den pioperties are: 
A self-interseclin^ body (Fig. Ma) 
Vanishing normals or derivati\^»s (Fig. 14b) 
hitersection with the top or bottom face (Fig. 14c) 
Change of convexity at an edge (Fig. Ikl), Tliis test is al- 
ways done and ensures that the specific edge cmi be 
blended later HP PHVSolid Designer will insert a topological 
vertex at the place where the convexity chartges- 

Practical Experience with Lofting 
The most critic id iioint in usinj* lofting is the proper defini- 
tion of the profiles and the workijlanes. It tiuns out that in 
mtmy real-life applications I tte profiles do not vmy at all 
(eg,, helical constructions) or only a little, IIP PE/SolidDe- 
signcr supports these surface classes by offering special 




Fig- 15, Drill created nsing a special HP PE/SolidDeisigner t!om- 
mcind ro define a sei of panillel workjilane^s, eac:it rurned by a gheii 
angle around an axis ortliogonal tn the base workplane. 



Fig, 1 7, Positioning tcM) many prafiies over too short a distance 

results in ii waw surface. 
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cxjnmiaiids to (Tc^ale series of workplaces in the 'ID sfiace. 
Th^ coniniands kn the user clefiiie a set of t>nfallel wrsrk- 
planes, eatli tumetl by a gKen aiigle around an axis orthogo- 
iial io the base vvorkjileiiie. ()l>jerts like driils t-jiii he c^reated 
very easily (Flu. ^*>J 

Tsing the "workplane uuiined" comniaiid flerm<*s a *iet of 
workplaces at au angle iti ihe base work^iilane. Tills is a way 
to create springs and other helic^aJ sliapes (Pig, IBj. 

Tbese spet^ial eomnumds dcj not help in atll situations. Sfiine- 
? inies the complete w(>rki>iane set lias to l>e defined t»y hand. 
Here it is important to kiunv some l>asir l>ehav ior of the loft- 
ing algorithm to avoifi sobstHiuent problems wiib the Bool- 
ean topology engine. ( Jft en lofting is not used to rreaie a 
completely new liody but to cut off some existing geometiy^ 
(loft remove) or to fill gaps (loft add). The most iinportanr 
property of lofting the user must keep in min<l ii> that the 
surface starts oscUlating if too m^my ccniflit i( juh (profiles, 
tangency eonditions) arespecifud (ni um shun a distance. 



The term "short" itteaiLs short relati%'e to the totaJ object 
size. Positioning ten profiles over a distanre of 1(H) millime- 
ters caus4^ no problems. Doing the sanie o% er a distance of 
one millimeter creates an awful surface. Tlie same is true for 
the complexity of the profiles and the way the profiles 
cJiange from one workplaiie set to another ( Fig. IT). 




Fig* 18. fa) III crpatirig a hf?licai shapo cfjiinfcled to a f yliudriral 

.^iliaft, if thc! helix iiasp profile touches tii€* cylirirkir a nonnmnufaf> 
tumbk^ [mn resulrs ,sin('i* the fre<^ft>rrn helix oscrlllalps j^raiiiid thf* 
tylKtcler Kurfartp, (h) It the h^lix base profile ruim intu l!ie cylinder 
a litMe the (jsf filiating surfacre lies t'uriijjk^teiy iitsirie tiie e yliuder 
and Uu^ uriifiratiiifi r^rthe {wn Ixidies will viidd tht* r-xptflprl result 



Fig. liL fa) 8wi-e|unj^. (1j) LSkiiuiiu^. (v) Cumm^, 
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For this reason, one should never try to ajiproximate otlier 
geoniem' u.slng lofting in conU>J nation witli a Boolean opera- 
tion. It is much safer to create the loft tool hody a Hitle big- 
ger to get cleai' intersections later. Tlie example of Fi^. 18 
iJhistryU^s tliis. Tlie Utsk is to create a helical ?5hape con- 
nectcfl to a cylindrical shaft. The ^'workplane inclinecr com- 
mand is used lo position the profiles for the loft. If the base 
profile tcmclies the cylinder die undlration of tlie lofled hotly 
and the cyliiider will result in a nonmanufacturable pur! since 
the freefonn helix oscUlates around the cyliriiler surface 
(Fig. ISa). 

However, if the profile cuts in a little the oscillating .surface 
will lie completely inside the cylinder and the unifitat ion of 
both bodies will yield the expect efi result, bs shown in 
Fig. 18b. 

Summary 

Lofting in HP PE/SoIidDesigner is a powerful tool that en- 
ables the CAD user to create various freefomi shapes witiiin 
a sohd model. The Jtiain task bemg solved hy the user is the 
optini^il selection of die ]3rofiles and clever positionmg of 
the workplanes m the IM) space. With a 111 lie experience lo 



gain fanijliarity with the beha\7or of the surface mterj>ola- 
tion aigtirilluns, many design tasks c an L>e done m a short 
time. However, some tasks are cujobersorne or nearly ini- 
possible using loftmg, but are easily clone using otlier HP 
PE/Sulid Designer capabilities. In elect romectiani cat ;ind 
mechanical engineering these tasks include mainly skinning, 
caj)i>ing, and sweoping. Sweepmg (Fig. 19a) is related to 
lofting shice it me^uis creating a surface by sw^eeping a pro- 
tile aitiug an ai'bitraiy 3D cun e. Skhmhig (Fig. 19b ) Ls the 
task of defining a smofHh surface llirougli a net of 3D 
cui-ves. Capping (Fig. 19c) means the replacement of a 
closed loop on a body by sojne smooth, tangentially con- 
nected surface; it is a subclass of skinning. vUthough (hese 
functionalities are the classical domain of smface modeling 
Sfystems Uu^ open tu-chitecture of HP PE/SolidDesigner 
readily accoimnodates their im[Henientadon. 
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Common Lisp as an Embedded 
Extension Language 

A large part of HP PE/SolidDesigner's user interface is written in Common 
Lisp. Common Lisp is also used as a user-accessible extension language. 

by Jens Kilian and Heinz- Peter Arndt 
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HP's PE'-lMEia aiid PDIVIE;^ CAD systems contain an exten- 

si(m ianguagp baseci on I lie niatTO exi>aiisJon pEinidigm, Tlie 
user's inpui (conimamls aiitl data) is sejjarated into single 
tokens, each (if which denofes a comnuiml funclion, vaii- 
at>le, mac TO name, nu[iii>en string, operator, or otlier synfae- 
lic element- Comnuwub. functions, ajnl arifhmetic^il expres- 
sions are evaluated by the lajxguage iiUerf)reier. Each macro 
n<uiie is associated with a macro defmition, which is another 
token sequejue (either t^retiefmecl hy the system or defmed 
by tiie user). Wlten the Uuiguage interpreter encoimtersa 
mar n I name, it substitutes the i^onespcjnding token se- 
qiience (fjiis process is called expo tiding the macro) and 
continues with the first token of the expansion. 

Macro expcirislon languages are easy to implemeni antl ha^p 
been used in n^ajiy applications vvliere one woiUd hardly 
t^xpect. to find an embecided kmguage. For example, the T£;X 
typesetting system contains a macro uiter|jreter. 

TJte HP PE/MBIO and PE/ME30 macro Umgiiage includes 
powtMful control constructs (such as IF/THEPJ/ELSE mid LOOP/ 
EXIT IF/END^LOOP), local variables, jmd a niiHtuniism foi- |)ass- 
ing fjanniieiers to a macrt) when it is lieing expanded. These 
cfHislnirls make il iiossibh* To snl\ e gi^neral programming 
problems. Because the HP PK/MElti and PE/ME^) macro 
language is inleri>reted, programs c^an l)e deveioped in an 
interactive fa'fihion and nKKlifications caji immediately be 
Irh d out. However, the resulting (jrograiu is slower than a 
]frograni vvritten hi a compiled Uuiguage like V. IIP PE/MEIO 
aniJ Pl^'ME^MJ macros c;in be compiled to i\n intermediate 
form wliich executes faster than the pure interpreted ver- 
sion. 1st It which is still slower than an eqidvalent C program. 

One disadvantage of the HP PFTMEl and VKPSWM macro 
Imignagt^ is lliat if is ufjuslanfjaifl. No other application uses 
the same language, and prograius written In it have to be 
ported when tlic user switches to another CM) syslenu 

Common Lisp 

( ommon Lisp w^as chosen as an extension language ffii HP 

PE/Solid!)esigner because it Ls nonproprietary and widely 

used. 

Sunu"ising as it may lx\ bisp is the second oklest Ikigh-level 
(uogramming language still in common ns^. The only okler 
one is FORTRAN. Lisii is to rcsearcbtns in ^iriifieiril intelli- 
gence what FOHTHAN is to scientists and engineer's, 

lisp was inventt^d by .lohn McCailhy in 19>56 during the 
Diirtmouth Snnimer Research Project on Ailificial Intel li- 
genre. The first (;ommonly uschI diafect w^is Lisp L5, but 



unlike FORTRAN (or aity other imperative language) Usp is 
so easy to modify and extend ri^at o\'er tune it acquired 
countless different diaiects. For a long time, most Lisp sys- 
tems belonged to one of two m^jor famihes, Interlisp and 
Mat^Iisp, but still differed hi details. In 1981. discussions 
about a common Lisp language w'cre begun. The goal was to 
define a core language to be used as a base for future Lis|) 
systems. In 19S-L the release of Common Lisp: The Language^ 
provitlcd a first reference for the new language. .An .\NSI 
Tecimiciil Committee (XtUPJ) began to work on a fonnal 
standardiziition in U>85 and delivered a draft stantkurd for 
Common Usp in April 1992. This draft standard mcludes 
object-oriented progiamming features (the Conmion Lisp 
Object System^ or CLOS). For a more detailed account on 
1 be evolution of Lisp, see McCarthy- and Stet^le and 
GabneL'^ 

HCL, tiie implementation of ( ntimion Lisp iLsed in IIP PE/ 
SolidDesigner, is derlv*Kl from Austin Kyoto Common Lisp 
(itself <iescended from Kyoto C*omnion Lisp). It coiTc^spruids 
Ui the version of the language desrribeil in reference 1, but 
already inrfjriioiates s(jme of the extensit>ns from reference 
1 \\i\i\ the dndt standard. 

Appl]cattc»ns of Extension Languages 

Adding exl(*iisi*>n languages to large at>i)li cation programs 
has become a standard practice. U provides many advan- 
tages, some of wliich may be not as olj\ious as others. For 
the nonnal user of a system, an embefkied jjrognunming 
liiuguage makes it possibk^ to automate repetitive or tedious 
tasks, A!i irtexperienced user can set it up as a simple re- 
cord/playback niechanlsru, while "t>ower tis^M^" cait use it to 
create ;tdditinnal tunctionalily. If the extensU>n language has 
ties to the atipln ation's user interface, user-defined fimction- 
ality can be mtegrated as if il were part of tin* original 
apph cation. 

If the application provides an API for adding extensions on a 
lower level, the extension language can itself be extended. 
Tills enables makers of value-added software to integrate 
f heir products se;iinlessly into the main appbcatitin. .-Vsan 
exmntde. the \iV PE/SheetAdvLs«jr ai)[>licalif*n has been im- 
plemented within HP PE/ME^dO, (dTeringa aserintertace 
f onsistetit with the rest of the program- 

j\s a final step, portions of the application can themselves be 
imvilemented in theembeddcHl kinguage. jVn exami>le would 
Ije the popular GNU Einacs text edilur, a laige |(ait of winch 
is written in its embedded Lisp dialect. 
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A laigc part of HP PE/SoJ id Designer, t<jo, is written in iis 
owu exTPosian language— ahoii! 30 percent at ilw time of 
wTiting. Most of thi^ :iO percent is in HP PE/SoliciDesigner's 
user mteiface. 

Lisp ill HP PE/SoJidDesigner 

Fig. 1 shows liie m^ioj- components of IIP PE/SolidDesignt-r 
The Lisp sul)system is at the vpry core, togetlver with Hie 
rranie (operating system mferrace) and DSM (data stnjcture 
manager, see arlicle, page 51) modules. AJl other compn- 
nents inchiding Frame and DSM are embedded into the Lisp 
subsystem. Tliis intlicates that eac;li component pro\ides an 
inr.erface tiiroiigh whicii its operations can be accessed by 
Lisp [irograms. 

The introduction of new fimctionality into HP PE/SoiidDe- 
signer is usnally done in the following steps: 

• Iniplemeni new data structures and operations in C++ 

• Add Llsj) t>nnutives (C++ ftinctions callable firom Lisp) for 
accessing the new operations 

• Add aetitjn routines to implement new user-visible com- 
mands, using the Lisp interface to carry out the actual 
operations 

• Add menus, dialog i>oxes, or other graphical user interface 
objects to access the new commands. 

As long as the Lisp interface— the prijnitive functions— is 
agreed to in ariVfUice. this process can he piuaUelized. A 
user interface specialist can work on the acrion routines and 
menus, calling dunmiy versions of the interface functions. 

The article on page 14 describes^ from a user interlace de- 
veloper's perspective, how action routines are written and 
hoW' menus and dialogs are created. The mechanisms used 
there aie not part of the Comruon Lisp standaid but are ex- 
tensions provide<i by the HCL dialect. 




Fig. I. HP PE/S^jlidDesjgnpr system ar^Mtectiirc. HCL is EJte 
( Vmimon Lisp subsysiem. All coniponents including Frame 
(operating systf in iiiLerface) and DSM (data ^Lmcturf nian- 
ager) have intPrfaces to Lkp. K2 is tlie solid modeling kprupl. 
PPG is rhe planar profile generator 



Action Routines 

Action routines inijjlemenl t!ie commands tliat a user l^ies 
or issues via user interface elements to HP PE/SolidDe- 
signer Commands aje identified by their nameSj which ar(^ 
Lisp sjTiihols evalnated in a special manner (similar to I lie 
SVMBOL-MACROtET fadiily in the Common Lisp Object Sys- 
tem). Each action routine is actually an interpreter for a 
small language, similar in sytUax to the commaiKl language 
used in IIP PEAIEIO anrl PE/MEaO. Like IIP PE/MEIO and 
PE/ME3U commands, action ruulint^s am be described by 
their sj^tax diagrams. Fig. 2 contains the sjTitax diagram for 
a simplified version of HP PF7Sol id Designer's exit com- 
mand. Below the synt^ix rliagram is a state transition graph 
whicli shows how the conin>and will be processed. 

The definition of an action routine corresponds closely to its 
syntax diagram. The defining Lisp expression, w^hen evalu- 
ated, gener'ates a normal Usp function that mil tia verse die 
transition gi*aph of the state machine when the action rou- 
tine is run. For example, the following is an action routine 
conesponding to the syntax diagraju of P'ig. 2: 

(defaction simpie^exit 



{flag! 



: locsi varjabie 



nil start}} 



t state descriptions 

i start nil 

"Terminate PE/SoJidDesigner?'' 
niJ 

(lyes isetqflagt) answer-yes end) 
\:m isetq flag nil) answer-no end) 
(otherwise (display.i^rror "Enter either :YES or :ND.' 

(end jdO'tt) 
nil 

nil)! 

I' locaj functions 

(do-rtO 

(when flag 

Iqurt))))! 

As can be seen in this example, an action routine can have 
local variables mu] inmt ions. Local vaiiahle.s .sene to cany 
in form all on from state lo slate, I/jctU functions can reduce 
the amouni of code present in tlie state descriptions, en- 
hancing readability. 

Whi^n HCL translates this action routine definition, it pro- 
duces a Lisp function which, when run, traverses the state 
transition graph shown in Fig. 2b. If a state description con- 
tains a prompt string, ii.s in die start state in the example, the 
iranslator automatically adcis code for issuing the prompt 
and reading user input. Effect ively. the translator converts 
the simple sjTitax diagram into the more detailed form. 

For the example art ion routine, the translator produces a 
Lisp fmiction defmiiion much like the following: 

;; Declarations at some external functions, for more effmient calling 

(proclaim '(function get-iiarametBr (ttjt)l 
(proclaim '(function match-otherwise (t) t)) 
(proclaim (function tfiager-action-statetransitiQn'evem ft & option al i) 

m 



70 Oc lober 1S95 BeifV^Jen-Packurd Aanni at 



)Copr. 1949-1998 Hewlett-Packard Co. 



Loi -m-^^^ 



ial 



U: 



^^HH^^B BcpipnBipl ^^^^^^^^H 



ms 



JK» 




^ 



m 

Fis* 2. (a) Simplifif^d syriiax of Lhe exir command, fb) Stare 
Trans ftion iliagnmi for the exit comiifcaud. 

;; Transformed action routine 

(defun simpSe_exit (&rest argument-list Biaux input} 

(let (Hag) ;; local variable 

(labels ((do-it { I ;; local f un ction 
(when flag 
(quit)))) 

(b(ock:ni1 
(lag body 

;; label for state "start' 
1 

;; promptfng in state "start" 

(setq inpift (get-parameter argument-list "Terminate HP PE/Solid 

Designer?")) 

;: pattern matching in state "start" 
(ccnd ((equal input :ves) 

(setq flag t) ;; action taken 
(trigger'action-state-transilion-event 'answer-yes I 

(go 01) ;;transTtfOn to "end" stale 

((equal input :no| 

(setq flag nil I :; action taken 

( tr i g g e r- a cti n -state - tr a n siti n - e vent ■ a ns we r- n ) 

(go 0)) ;; transition to "end" state 

((match-otherwise input) 

(djsplay.error "Enter either :YES or :N0.") 

( g 1 1 ) } ;: tra n sitia n to "start" state 

;; labef for state "end"* 
Q 

;; initial action for state *'end" 
(doit) 

;; exit from action routine 
(return})}))) 

Trtmsitions in the static machine are trmisfomied into goto 
st^le mentis \^'ithin the function's horly. The conditional con- 
sliaict cond represents fJecisionSs like Uie tliree-way l>ranch 
in state start. Before eaeli state tnm^ilitjri, tJve cuili' vim ini^- 
ger an external event to enabh^ graphicaJ feedback in mentis 
or diidogs. 



The actual trmnsladon is somewhat more (complicated b€^ 
cause errors and otlier excepiional events must be taken 
into aci^otmf . The translator also adds code to support de- 
bugging and profiling of an action routine. This code is 
stripped out when biiiJding a production version of HP PE/ 
SoUdDesigner, 

Compiling Lisp Prc^grams 

It has often been said thai Usj) is inherently slow and cannot 
be applied to apphcalion programming (one common joke is 
that the languages name is an acronym for "Large and In- 
Ofedibiy Slow Programs"). This is not true. Even vei>' early 
versions of Lisp had compilers/^ lisp systenrus have even 
beaten FOETliAN rtmning on the same macliine in terms of 
numerical performance. 

h\ HCL. the Lisp compiler takes a Common lisp progran! 
and translates it into an intermediate C+-\- program, which is 
then compiled by the same C-I-+ compiler that is used to 
translate the nonlisp components of HP PE/SolidDesignen 
This api>roach has several advantages: 

• The lisp compiler can be kept small and simple (only 12.500 
tionconmient lines of code, less than 5% of the total amount 
of Lisp code) 

• Tlie Lisp con^piler does not need to be retargeted when 
porting to a different r^iachine aichitecture 

• The Lisp compiler does not need to fuUy optimize the gener- 
ated code: this task can be left to the C-f-^ compiler 

• The generated cotle is fully call and link conipatible with tlie 
rest of the system 

• The generated code can be converted to a shared hbrary^ 
and dynamically loaded into a rtmning HP P?I/SoUd- 
Designer. 

The Lisp compiler is itself written in lisp. Boc^lstrapjiing a 
new compiler version is easy because aji interpreter is 
available. 

The falling ctjnvfiitions for coni[nled Lisp functions are 
such (hal inierpreted and rompllpd fiinctior^scan tnmspar- 
ently call each other. Tliis allows keeping most of the lisp 
code in compiled form, even wl ten using the interpreter to 
develop new programs. 

Continuing the above exantple, here is the C>+ code that the 
lis]j compiler prrxlnres for die simplified translated action 
ro n ( i n e ( re f on i uu I e d to r i je 1 1 e r read ab 11 i ty J : 

//Header \\l& declaring standard Lisp data structures and functions 
y/Oor example, LDBJP is the type of a generic poinier-to-Lisp-object) 

#in elude <cmpinclude.h> 

// Declarations for the compiled code (norm ally written to a separate file, 
// included heta for clarttyj 



static void LI (...); 
static void L2IL0BJP*): 

static char^Cstart, 



static int Csi?e; 
static LOBJPCdata; 
static LDB J PW[ 141: 



// Functions defined in this fiie 

// Data for communication with the Lisp 
// loader 



// flun-ttme Lisp objects 
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static void LnkT13() ; // Links to external Lisp functions 

static void rLnk13H) - LnkT13, // |see befow for an expianation) 
static void LnkTllO ; 

static void rLnkn II l-Lnkin; 

static LOS JP LnkTLnOILOBJP h 

static LOBJPf^LnkLliaHLDBJP ) = LnklLlia; 

Static LDBJP LnkTLiSfint narg, ,..) ; 

static LOBJP rLnkUSKini narg. ...) = LnkTUg; 

static LOBJP LnkTU8(L0BJP , LOBJP ] ; 

static LOBJP (^LnkLISHLDBJP , LOBJP \ ^ LnklLfB; 

// Initfalization function, called immedfately after the file is foadcrf 

void exampiejnitializelchar ^start, im size, LDBJP data | 
{ 
// Reserve space on the Lisp stack 

regisier LOBJP^ faase^vsjop; 
register LOBJP" sLip=base+0; 
vs_tDp=sup; 

vs_check; 

// Store data suppfied by the loader, including Lisp objects 
//that were extracted from tlie original source code and fhat 
// will be needed at run-time (B,g., strings and symbolsl, 

Cstart^start; 

Csize=size; 

Cdata-data; 

s e t_W_ d a ta f WJ 4, d ata ,sta rt, size I; 

// Link the compiled function "I]" to the Lisp symbol stored in VV[6J, 
//which is "SIMPLEJXir. 

MFnew(VV[6l(void(n(l)Ll,dat3|;// 

// Restore Lisp stack 

vs_.top=vs_base_mod-base: 
} 

// Compiled function SIMPLE. EXIT 

static void Ll(..J 
{ 

register LOBJP*base=vs_base: // ResErve space nnthe Lisp stack 

register L08JP^sup^base+3; 

vs_check; 

{ LOBJP VI; // Fetch ARGUMENT-LfST from the Lisp 

// stack 
vs_top[OJ=Cni]; 
{ LOBJP *p=vs_tap: 

for(;p>vs_base;p--}p[-l]=MIVIcDnsipLlLp[Ol); 
} 

Vl=(baseiO]); 
vs_top-sjp; 
{LOBJP V2; // Set up variables INPUT and FLfi^G 

V2-Cnil; 

basel1]=Cnil: 
T3:; //Label"!" in TASBGDV 

V2= i*fLnkU8))((VlLVV[0J|; // (GET- PARAMETER ARGUMENT-LIST ■../ ) 

ifl!(equa3((V2),VVn])}K // First clause of COr^D construct 

goto T3: 

} 

base|1l=Ct // (SETQ FLAG T) 

(vojdHr(LnkLI91((l.VV[2]|); // jTRIGGER^ ..^EVENT Af^SWER-VES) 

goto 14; //IGOO) 



IB;; 

tffHequal(fV2),W(3l))){ 
goto T14; 
} 

baseHl-Cnil; 

(vDid)i(*(LnkL19))|l,Wt4]}|; 

goto T4; 
T14:; 

it(jr{LnkLI10)H(V2)))==CnilK 
goto T4; 

1 

base|2i-W[51; 

vs Jo p=ivs_base=base+2)+1 : 

(void)rLnkllKI; 

vsjop^sup; 

goto T3; 
T4:; 

vs_base=vs_top: 

L2jbase); 

vs_top=sup; 

base(21= Cnil; 

vs_top=ivs_base=base+2|4l; 

return; 
} 
) 
} 

// Compiled local functmn DO-IT 

static void UiLOBJP*baseO} 
( 

register L0BJP*base=v3_base; // Reserve space on the Lisp stack 

register L0BJP'sup=hase4l; 

vs_check; 

vs_top-sup; 

if{(baseOM]}^^Cnil){ 
goto T26; 



// Second clause of CO^^D construct 



//(SFTQ FLAG NIL) 

// (TRIGGER- ..-EVENT ANSWER-NO) 

//(GOO) 

//Third clause of COND construct 



//[DISPLAY-ERROR" 



//{GOD 

// Label ^0" in TAGBODV 

// Call (DO-IT), passing a pamterto 
// the lexical variables of SIMPLE„EX1T 

//Return from SIMPLE.. EXIT 



// Condition: lexical variable FLAG 



//(OUITI 



//Return from DO' IT 



] 
vs_base=vs_top; 

(void)f*Lnkl3)[|; 

return; 
T26:; 

base[01- Cnil; 

vs_top={vs_base-base+0}f I ; 

return; 
} 

// Links to external functions. These functions are calfed indirectly, via 

// C+f function pomters. At the first call, tbe corresponding compiled 
// function is looked up and stored in the function pointer, thus avoiding 
// the Lisp calling overhead on subsequent calls. 

static void LnkT13() 

{// QUIT; called via normal Lisp calling conventions 

call_or_linMVV[13l,(int*)&Lnk13S; 
} 

static void LnkTllO 

{//DISPLAY-ERROR; called via normal Lisp calling conventions 

call_or,linMVVni],fint ')&Lnkn|; 
) 
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static LGBJP LnlUniKLOBJP argS) 

{// MATCH OTHERWrSE; declared to take eiactlv one parameter, wfitch 
// can M passed withoui usmq the Lisp stack. 

retuni(L08JP)calLfpfOdWnaL{inri&LjikLltOJ,argO): 
} 

static LOB JF LnkTUSfim narg. ...) 
{//TRlGGER-ACTIOM'STATt-TRANSITION-EVENT: decfsreiT to tafee one 

// fixed and one optional paramat^i; MrhJch can be passid without using 

//ttitUsp stack. 

VB_list ap; 

va^startiap. narglv 

lOBJPresult-(LOBJP}call^vprDc(W[9L(int*)&LnkUan3rg,ap); 

va_end{ap}; 
return result; 
} 

static LOBJP LnkTLfSJLOBJP argO, LOBJP argil 
{ // GET- PARAMETER; deciared to take exactly two parameters, which 
// can be passed without using the Usp stack- 
return! LO B J P ) c a I l_fp ro c (W[B] ,( mf }&Lji kLI 8,2,a rg 0,a rg 1 ); 
} 

This eXfiiiiple ilhustrates several imi)ort;int properties of 
com|jileti TJsp eode. First, tlie C++ rode still has to acx^ess 
Lisp data present in the original program; for example, it has 
to attach a eompiied fiinetion to a Lisp s>Tiibol naniiiig that 
function. Second, parameter passing for Lisp functions is 
usually done via a separate stack, hut the overhead for this 
can l>e avoided by declaring? externa] functions. In a similaj' 
way (not shown here), the overhead of using Lisp data stmc- 
Hires for arithmetic cim l)e avoided l.>y introciiichig tyjje rlec- 
hiratioiis (which are not compulsory as in C++}. Third, some 
Lisp constructs (e.g,, lexical nesting offunrrion dcOnilions) 
iiave no direct C++ equivtUeul, 



C^^mpiMng a Lisp prograni can have quite a dramatic impact 
on its perforniance, HP PE/SolidDesigner takes about one 
half to two minutes to start on an HP 0000 Series 700 work- 
station. If all the Lisp files are loaded in uncompiled form, 
start time increase to between one half and one hour. 

Conclusion 

A laiige part of HP PEL'SolidDesigner is written in Common 

Lisp. To the de\'eiopers> this approach o0"ered a ver>' flex- 
ible, inieractive mode of programming. The finished pro- 
grams can be compiled to eliminate the speed penalty for 
end users. 

Conmion Lisp is also used as a user-accessible extension 
language for HP PE>Solid Designer It is a standaidized, open 
programming latiguage, not a proprietary one as in HP 
PEAIEIO mid PE/I^1E30. ;inti the de\'elopers of HP PE/Solid- 
Designer believe Uiat tJ^s will prove to be an iimnense 
advant^e. 
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Boolean Set Operations with Solid 
Models 



The Boolean engine of HP PE/SolidDesigner applies standard and 
nonstandard Boolean set operations to solid models to perform an 
impressive variety of machining operations. Parallel calculation boosts 
performance. Gspecially with multiprocessor hardware. 

by Peter H. Ernst 



Machining operations like puncli, bore, and ntJiers play an 
important role in the function set of contemporaiy CAD sys- 
tems. In HP PE/SolitI Designer, the impressive vaiiety of ma- 
nliining ronirvvantis are driven by a single topology engine, 
often refeiTecl to as the Boolean enghn'^ 

It might seem that the algorithm used by the Boolean engine 
would be extremely complex and esoteric, and this is indeed 
taie in some respects. The underlying principles, however, 
are simple.^ Most of lliis article demonstrates 111 is by ticking 
a fairly intuitive look at the internal machinery. This will 
provide a road map for Llie secontl, more teehuicd pan of 
ihe article, in whicli soiiu^ key algorithms are explained in 
greater depth. Finally, sorne unusual applications of the 
Boolean engine are brteOy mentioned. 

DifTerent Flavtirs of Solids 

Before exploring the internals of the Boolean engine, lei's 
take a look at the objects that it works on, Tliese objects are 
called solids, or simply bodies. Solids, in our temis, are 
mathematical boundary represemation (B-Rep) models of 
geometric objects. Pig. 1 shows a B-Rep model of a cylinder. 

Usually several categories of solitis are distinguished based 
on their manifold characteristics. Kor our pun>t>ses we just 
need to know that many old solids represent real objects 




Fig. 1. A liDUfidaiy representation (B-Rep) model of a cy linden 




Fig. 2- A sr:re\vd liver repre.senliiig Uie dass of manufact.urable 
bodies. 

and nonmamfoki solids are Impossible in some way. Man- 
ifold bodies are of general interest, since they can be manu- 
fat lured. Fig. 2 shows a screwdriver representing die class 
of maixufacturable bodies. 

The class of nourtiaiutoid bodies is the realm of the impossi- 
ble bodies, riiese boflies <'amiol be manufactured because 
the materiaJ tliickness goes to zero (that the tliickness goes 
to zero is a consequence, not a cause of the nomnanifold- 
ness ). Nevertheless, they have have some importance as 
conceptual abstractions or simplific:ations of real (manifold) 
sohds. Noimianifold sohds sometimes aie (conveniently) 
generated as an intermediate step tn the design process, 
Tliey aie also important to various simulation applications, 
and sometimes to finite-element analysis and NC" macliining. 
Pig. :i shows a selection of nonmanifold bodies. To the left is 




Fig. 3, Bodies that are nonmaiiufacturable because of (left) zero 
Qiicki^ess iri general, (center) zero thidotess at edges, aiid (rigjit) 
zero thiekuess at vertices. 
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a f^ieet, which has zero thickness in general. T^e middle 
solid is edge nan manifold, having zero thickness at edges, 
and ihe ri^t solid is t^etiex nonmanifoid, having zero thick- 
ness al vertices. 

The Boolean engine in its dlfTerent guises Is used to change 
lK)dies by the rules of Boolean set operations. In other 
words» it is able to combine two volumes using one of the 
three slandard operators ; subtract, unite, or intersect. The 
operation is performed on solids in the same way as on the 
sets of mathematics set theory': The effects of tlie standard 
operations on sets aitd volumes are dlustrated in Fig. 4. The 
two bodies al llie top of the picture are combined in three 
ways, using the three statidard Boolean operations. The re- 
sult of each Boolean f>peration Is shown at the bottom. 

An Intuitive Approach to the Boolean Engine 

Kow thai w (^ are equipped with the right background, we 
can explore tlie various stages of the Boolean tilgorittuns. To 
do this we will use a thought experiment [such experiments 
are widely acknowledged as safe and eheap). To perfonn 
this exi>erinient we only need some paint, a sharp knife, imd 
some imagination. 

Coloring. Id the Fmst stage both solids participating in the 
Boolean operation are filled v^ith different colors, let's say 
yellow J'or one and blue for the other. Fig. 5 shows two bod- 
ies that have been set up for a Boolean operation and col- 
ored according to our nile. Let s assume that, unlike real 
sohds, tliey can permeate each o\ l^er wii [lout prof>lems. 
Since the Boolean ojieration hasn't l;een perfonueci yet the 
picture still shows tw^o di^oinl solids that just happen to 
overlap. To show" what's gou^g on inside the bodies, the yel- 
low body has been made transparent. 

Now we mark the lines where the I wo bodies penneate each 
other, let s say with red color Tlie red lines ht Fig. 6 lue 
called the mtersectiofi graph. The two solids are still dis- 
joint. 




Fig- 5. 'IVo disjoint snlids tltat fiappen to overlap. 

Making Soap Bubbles — ^Cellular Bodies. In the second stage 
we kydl both sohds together using the mtei^ection graph. A 
structure very similar to those formed by soap bubbles is 
created, as shown in Fig, 7. The two solids now hang to- 
gether at the Inl ejection graph, h^ the spact^ where both 
bodies overlap a green color can be seen. This is the mix t tire 
of yellow ajid blue. To get a better visif>n of the geometric 
situaf ion some facves have been made transparent. 




Fig. 4. Results of api)lying the standard Boolean set rjiJtrrations 
hitwo solid bodies. 



Fig. 6. IritersectiDn graph [rrd). 



\ 
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Fig. 7, Rpsull of knitting tht* iwo bodies tagelherat Lite iiilersec*Uon 
)yaptL Ohooslrig a Boolf^an iiperatiyii is now equivaleiil to (ieciding 
which colors t.Q kpep and which to delete. 

Getting Rid of the Wrong Colors. Tn tlie third and last stage of 
uin inia^^inaiy process nut nuKh is left to do. Up to now we 
have not said which kmd of Boolean operation (union, snb- 
traction, or intense* lion) we wanted. Now" is tJie time lo 
decide. 

To get the desired result we simply pick the appropriate 
color and get rid of all volumes of a different color than the 
one w^e picked, biitiiilly we chose two colors — blue and yel- 
low — so we wdll find tlu'ee colors in our soap bubble cluster: 
blue, yellow, and green. In regions wliere blue and yellow 
volumes overlap we get gi een. The lable below shows which 
CO I o is will be kept or deleted troni the botly depending in\ 
the pailicular tyi>e of Boolean operation we choose. 



Union 

Siihtraetiriii 

Inlersec'tiun 



Keep 

blue and yellow 

yellow 

green 



Delete 

green 

green and blue 

bine and yello^v 



Easy, isn*t it? Pat yourself on the back (and clean up the 
mess of paint and chipped-oH' pieces). 

Technical Talk; The Boolean Algorithm 

In the preceding example w^e oidy had to mark the lines 
where I he color changes to obtain the intersection graph. 
The Boolean engine algorhhm that does this is a bh more 
complex. To understantl it we must agaiji look at tlie mathe- 
matical representation of a sohd. In Fig. 1 we have seen the 
general data stnicture layoiU of a cylintler Tliat sketch, 
howa^\ er. lacks any explicit references to geometiy. hi HP 
PEl/Solid Design er's B-Rep stnicture, tlu-ee base classes of 
geometries are used: points, curves, and surfaces. Tlie last 
two have several subclasses. For example, a cur\-e can be a 



straight Une, circle, ellipse, or sphne. In the following discus- 
sion die geometric subclasses are used for iUustration pur- 
poses, but the Boolean algoritlun itself does not depend on 
any stJecific geometjy types, since it is implemented in a 
generic w ay. 

Rach geometry class has a eorrespumiiug topological carrier 
dial ijut3 it into perspective in the con I ex t of a solid model 
The table below^ shows this relationship: 

Topologj' Geometry 

Vertex *^ Point 
Edge ^ Curve 
Face ^ Surface 

The topological entities face and edge m'c sjnart carriers 
because iJiey not only hold tJieir geonietries, bvU also bound 
or tHm them. To understand w^hat this means we must real- 
ize that nuLst geometries are of m Unite extent, and even if 
they me finite only a small segment might be of interest. 

Fig. 8 exemplifies the relationship betw^een topology and 
geometo", Lfjoking at the cyhnder (sHJ). notice that only a 
segment of the othci'wise infuule cyliiuhical surface is used. 
This segment is called a face (fa;3J. Likewise, only two circu- 
lar regions of the otherwise infinite planes sfl and st3 are 
iisetl to close the cylinder. The f^ircular regions are face fal 
and face ra2. (Note: The toi* mul liottom laces of the cylin- 
der have been lifted tjff a bit for better dernoastration. The 
double yellow edges coincide in realitj^.J 

The concept of tiimmed surfaces is essential for the next 
section, becaiLse it introduces sonu^ imexi^ec^Ted compht*a- 
tions when cimstructing the intei'set tion graph. 

Constructing the Intersection Graph. Eailier we simply used ail 
excellent jjattern recognizer calletl the himi^m brain to find 
tlie hues where tJie color clianges. Teaclung this abihty to a 
computer involves a considerable anioimt of matheniatics, 

Hg. 9 show^s the construction of one segment of an intei-sec- 
tion graph (a graph edge). The drawing siiows two intersect- 
ing surfaces sfl antl sfS carrying two faces fal mid fa2. To 
construct the giaph edge (the piece of the intersection track 
uiside both faces J the following steps aie reqiured: 

Tlie two unbounded surfaces sfl and stZ are mtersected, 
giving the uitersection track (track). 




s11 1 PI sue 



sQ (Plane) 



Fig* 8. Act example ofthe reiationBhip between lopologj' and 
goiinietr>'. Faces and edges bound or trim their geometries, wliicti 
coi^isi af infinite t^tirves and surfaces. 



76 Ot'lober 1 99b Hfwli>tt- Pat kard J « junui I 



)Copr. 1949-1998 Hewlett-Packard Co. 



i 




Fig. 9. Construction of one segment cif an iniersecilon graph 
[a. graph edge)- 

The edges offal are intersected with surface sf2 to yield the 
edge/surface intei*sectioo points il and 12. Smiilarly, tiie 
edges of fa2 are interaected with sf 1 gi\4ng the intersection 
points i3 anti 14. 

The intersection pomts are ordered along the track. 
The ordered points are examined for their approach values. 
The approach values simply tell if a face is entered or left 
when passing a particular point. This information can be 
used to deduce the containment of a sej^ment of the inter- 
section grajjh with re.spect to its gei^erating faces. The 
approach ajid containment values for the intersection points 
in the previous drawing are; 



Point 



Containment with respect to: 





Approach 


fal 


fa2 






outside 


outside 


il 


entering fal 










inside 


outside 


12 


entering fa2 










inside 


inside 


i3 


leaving fal 










outside 


Inside 


i4 


leaving fa2 


outside 


oiUside 



♦ The segments of the intersection giaph inside both faces are 
used to create the graph edge(sj of a particuUir intersection. 
Ill tliis example only the segment hcjunded by i2 and 13 ful- 
fills this condition. 

Parallelism. The complete intersection graph of two bodies is 
obtiiinef I by paii'WTse intersection of faces selected from 
both solids. The number of required face/face intersectioas 
depends on tfie number of faces in both solids: 

i = nm, 

w^here i is tiie number of iiitersections. n is the number of 
faces in one body, and m is the number of faces in Uie other 
body 



The number of required intersections groi^^ rapidly (qua- 

draticaily) witit the compiexit>" (number of faces) of the 
solids. Fortunately the different face/face intersections can 
be easily performed in parallel. The algorithm is structured 
such that it can create a cascade of thi^ads (a sort of sttb- 
process). For each pair of faces a subprocess is launched 
that splits itself to calculate the surface/surface intersec- 
tions and the edge/surface intersections in parallel With the 
availabilit>' of multiprocessor hardware the advantages of 
this algorithniic structure are seen as incrieased perfor* 
mance of the Boolean operations. 

IntpriFiting andColoring,£nthe intuitive approach, coloring 

the faces, thai is. determining which pieces are inside or 
outside, was no problem because it could easily be seen. On 
the machine level other mearis are required. 

Intersection tracks si>lit surfaces and faces into left and 
right halves. Additionally surfaces spht space into halves 
called huif spaces. We can classify each piece of the split 
face to a half space with respect to the other surface. This 
procedure is demonstrated in Fig. 10. 

Classification is done with respect to the suiface normals 
(colored ari'ows) of both surfaces (sfl and sf2) and the 
intersection track. 

Unusual Boolean Applications 

It is easy to see that the Boolean engine is driving most ma- 
chining operations. Here are some applications in which it is 
not so ohvinns. 

Partial Booleaos. Regukir Boolean operations attempt to cal- 
culate all intersection tracks between bodies, hi contrast^ 
partial Boolean tjperalions calculate only one intersection 
track. Miich one deper^ds on the particular application. One 
example of a partial Booleaii operation in HP PE/SoHdDe- 
signer is wrapped into the exlnide-to-part comtnand. It fires 
a profile defmed in a workplane onto a body as shown in 
Fig. IL The picture shows a body and a profile set up for the 




fnaidei 
s11 



Fig. 10. Siirfaci2i5 split space ii^Eo halves <:alled half spaces (irtside 
arid outside along surface normals), Ench pif?ee of a split surface 

(;an be clafi^sified as belonging to a half space with reaped to the 
orti^^r stiff are. 



i 



October mn Ht wl r4f -t^it bird ,lc>uri lal 7 7 



)Copr. 1949-1998 Hewlett-Packard Co. 



Fighting Inaccuracies: Using Perturbation to Malce Boolean Operations Robust 



The robusmess of Soolean operations between solids h cruciaf for the usabilitv of 
a solid modeter like HP PE/$ol(dDesigTier. Unfortunately, geomeirsc model ing is 
fike shoveling sand. With e\fefv shovel yoy pick up a bit of dtrt. Hie nomerically 
imperfect nature of geometric algontnins can challenge HP PE/SolidDesigner s 
Boolean engine with contradiciions and inconsistencies The Boolean engine uses 
a perturbation methodi-^ to push the frontier of mboslness. This article explains 
the notion of model consistency and demonstrates what can go vvrong inside a 
Boolean operation and what can be done to come up with a correct result anyway, 

Consbteticy of a Soltd 

Looking at a sotid we usually tfelie\/e that it is mathematically cofrect. that is, that 
ttie edges are eJiadly on their adjacent faces and the edges meet ojjactly at their 
common vertices. In reality, however, the limited Hpatrng-pomt accuracy of a 
computer introduces errors. On the micrnscoprc level there are gaps and holes 
everywhere (see Fig 1 1, 

T^c tolerable amount of erroi is specified by the modsiing resuiutim The system 
will ignore gaps and holes smaller than the resolution, However, some geometric 
algorithms, such as the various intersection calculations, tend to magnify errors in 



certain geometric configurations. This means that given an input where all errors 
are within limits, the result can be mconststent in the context of the soNd and 
prohibit the successful completion of ttie requested Boolean operation 

Solving the Numerical Puzzle 

One area in the Boolean operation that is particularly vulnerable to numerical 
inconsistencies is the intersection graph construction. The graph construction 
assumes that all intersections of curves defmed on one of two intersecting sur- 
faces are also on the intersection track (hers the term aa means closer than the 
resolution). This is no pfoblem if the surfaces are reasonably orthogonal However, 
for intersections between tangential or almost tangential surfaces, a small error in 
the orthogonal direction of a surface implies s larger error in the direction of the 
SLrrface. and this assumption becomes false. 

Fig. Z shows a shaflow intersection between the two Surfaces sfl and sf2 and the 
intersection with sfZ of a curve [cvl contained in sfl The (:iirve''sMHace mtersec* 
tion point (small colored trianglel has, because of the small distance (epsilon) 
between cv and its contajnmg surface sfl, moved farther away from the surface/sur- 
face intersection track (colored line) than the resolution pemiits. The smaller the angle 
p die larger the distance d from the intersection track and hence the larger the 
inconsistency 




Fig. 1. In s€ilid models edges, isem \u be exsctfy nn their adjersm fsces and mset exac^tly 
m Their common vsmces In reality, tsecause of the timired float ing-poini acturacy of a 
comouter, on the microscopic level there ajegapiand holes evetywhers 



Bb, t. A snallQfW fnte^seciion between the two surfaces sfl and sf2 and the 
ifTtersectlpn with sf2 of 3 curv? (cv) contained in sfl 






Fig. 1 1- A body and a pro^le set up for sm extrude-io-part 
operaUon. Tn the right is the result of the operation. 



extnide-tO"part operation. Only the mtersectirjn graph where 
the extroded profile hits the body is used to build the result 
To the right is the result of the operation. 

Usually the extruded profile would exit the l>ody at the bot- 
tom, producing a second intersection graph. 

Reflection of Solids. Another unusual Booletm appDcation is 
liw reflet tJuH ol .solids a! a piaiie. Fig. 12 shows a body with 
a green reflection plane set up. At the right is the result of 
the refler! ojjeration. 

Tills operation ran be simulated with regular Boolean opera- 
tions by copyings mirroring, at^d vmiting tlie left body. How- 
ever, this would burden tlie Boolean eiigine with difficult 
Tangential intersections. Instead, the reflect command inter- 
sects the left body with the reflection plane to obtain an 
ijitersection graph which can be used to glue the left body 
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FGminai£4v. mere iS a mettiod call^ perLyrfeatFon than can come lo the mscue in 
situstKms Ijke this fi solves tfw incDnsistfincy by moving the cuf^surface inter- 
sactian point along the cycve until it is doser than the respliffion to the surface/ 
surface irrtersectron tr^-. ir f r 7 the point wiH be mewed ta tfie left W^f^r, ti^? 
inters^tion point 13 r efnir is in&oduced bec&tjse the po^f1: 

away from sf2 ^ ^ - - j ,-. £i<( errac ?s r^Juced so thai it no longer e« . =1- ^ ; 

tie resolui»[^ 

The perturbation method cafl be applied to simitar situitions in which even tfte 
niitnber of mtersKitions has m be corr^ited The differefice m number ts a re^tl 
the freedom algorrttims have below the reso^utlan They may reiurn mything m 
^e range erf the resolution 

Tuvd Curve/Surface Intersection Fointe with Qne Surfacc/Surfaoe Inter- 
section Track, Bg. 3 shows 3 geornetrtc configuration in wtirch ttie intersecrion 
oetween sf 1 and st2 yields one intersection track (colored linel but the intersec- 
tion nf the curve contained in sfl vwith sf2 giyes twa intersection points (colored 
trJangJes) which are farther than the resotution away from ihe track. The perturba- 
tion aJgofithm moves both points inwards [horizonial arrows) and contracts them 



in^ a single pmnt (Iriack triangle) whic^ is doser then tf^ r^dytion to the inter- 
section tratif {colored line I 

Twt) Surface/Surface Irrtersectioit Tracks with One Curve/Suilace Inter- 
section Point R9 4 shows a g^metf <c cofifipratiar ^ .-, :- *'r "^rsrc: :n 
. - . : t i ' ^ a nd sf 2 yields twc iTrtefsectFon tracks (col c f - ^ £ s l^l I r t " " ^ ' sec- 
ifon of the curve Cor^tained m sf 1 wvth sf2 gives one intersKrtion poiirt (colore 
tnanglel vwhich rs farther ttian the resoluiiDn away from the tTicks The perTufba- 
tioo aJgofithm splits the siogie interseason into two and moves mem outwards 
(hanKmial arrows} uotii bath are closer ihan the resolutJOo to an irrtersection tradt 
I colored tine). 

flefereoces 

1 H. EdeS£bfiini>eT a^l L Mucte, "SkmulatiEm of simqftcily: A techniqtffi to £0[>b witti degener- 
ate cases in gaometrtc algoftthms,' Proc&sihngs gftfi&4tti AChi Sympositim m CompuBtionaf 
iJecimeiFj' Jime 1983, pp Ii8-t33 

2 C K Yap, "A gfifmeiric constsiencv theorfim ftjra svirrtiolicpBrtuTtiahdOtheofliin;' ipf0. 





Bq. 3. A geometric corifiguration m which the inTersection between sfl and sf2 yr&lds 
one intBrseetion track (colarad \m^\ bu! the mterseciion of the curve con rained in sfl 
mh sf2 gives tWD intersection potms (colored trJangiesI whith are farther than the 
resolutron away from Ui@ track 



Hg.4. A g^Qnneific configuration in whrch the mtersectron between sfl and sf2 yields 
two intersection tracks (colorfld lines) but the interseiHEon of the curve contasned in sfl 
with sf2 gives one intersection point [colored trianglel which Is farther than the rasolu- 
tion away froTr the tracks 




Fig, 12. A bwly with s grtien reflection p\m^ set tip and, at right, 
tiie result of the reflect operation. 



and its iitinoretJ copy together. Ttie intersection with the 
mirror plane is nicely oitiiogonal aiid relatively easy to per- 
foim compared to the tangential intent ect.ions. 
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A Microwave Receiver for Wide 
Bandwidth Signals 

The HP 71910A wide-bandwidth receiver extends modular spectrum 
analyzer operation for more effective measurements on modern 
communications and radar signals, 

by Robert pJ. Armaii trout 



The microwave speclnuii analyzer is an invaluable ir^siiiu- 
ment. fornuikinK measurements on st^iial^ wjih rretiueucit^s 
ranging fnini KM) Hz \o 1 [0 GHz with n variety ornKKluliition 
r<irinals. The spectnim iuialyzer \h primarily ;i (tjol lor the 
IVetiuer>ey rloniaiiL The nieasuiements for whieli il excels 
are those In which the signal parameters of interest are 
accessible in this (lomaiTi, 

For the most part, these ineasarements arr made hi a test 
envlrunnieni , in whitli tiie yigniils Lisiuilly nri^iiiati' Trom a 
sigruiJ souiee or from the device i aider tesi mid where a 
physicid comieclion is made to d le HpectJ'iuii imalyzer Avith 
coaxial cable. In this environment, Ihere is usually a high 
degree or knowledge about the signals present and the num- 
ber of signals that nmst be characterized. Also, llwrv is oil en 
some control over t he power le% el of i he signals presejil . 
Tiie specinnn analyzer is nonnally tised in swe|)t mode. Tlie 
empliasis is on llie rmulamenlal signal paraniet.erSt nf>! on 
tJie iiiforinatioii conleiil [sreseiil hi Hie iTKxiidatlon, 

Microwave spectRirn analyzers aie also used in the ojicra- 
tional environmenl. hi rontiusl l<> the (est environment, the 
signal or signals ofinteresl in the operational environment 
usually amw out of the air rather tlvini from a device under 
test. Tills means that the spectjuni tuialyzer Is comiected tt> 
an ante^nna rather than to a device under test, .^i other con- 
tiast to the test enviioiinienl is the number of signals pres- 
ent at the input to the antenna. Dependmg on the frequency 
coverage of the antenna or mitennas used, the nimilier of 
signals present can nmnbcr in the hmidretls or cv en thou- 
sands. In the operational enviromnent the emphasis is on 



searching for signals of interest: and extracting the m forma- 
tion content of I hose signals. The information can have 
many lorms huha ling voice, video, or data. To extract this 
information, il is necessary to tnne to (be signal r>f interest 
with a bandwidth comparatde to the signal's bandwidth and 
apply the correct demodulation. 

AJthovigh tlte spectnun anaJ^^er i)Iays a nii\jor role in signal 
se^urhing, it has not gaineil acceptance outsifle (his role 
because of the limitations discussed below, iiather than the 
spectrum analyzer, a microwave receiver is normally used (u 
perform the dovvu -conversion and demodulation of wide- 
bandwidth microwave signals. 

Bandwidth Limitations. One of tiie most predominant trends 
in modern miciuwave signals is the move toward wider 
band widths. This trend has been growing since the 
mid-ll'TOs as satellite communications deveio])tcl and radars 
begmi employing a form of spreatl spectrum know a ^ls cliirp. 

The trend continues to be evident hi all ai'eas of satelhte and 
tenestiial niiCTowave communications. Signal bandvdtiOis 
of 3d MHz or more are t>pic;il. Furthermore, various t'onns 
of s|.>i'ead s]>ectrum, such as i'retiuency liopijing or direct 
sequence, whether used for nmltipath mitigation, noise im- 
munity, lower power density, or increased security, have led 
to itKTeased baiiil widths for otlierwjse naiTowl)and signals. 

For such signals ^ the bandwidth that is adequate for spec- 
tnmi display or parametric measmements may not Ine suffi- 
cien( tfj preserve tht^ info nn at ion content of the signal ffjr 
tiemodulatiom 




Fig- I. (U'h ) HP 7 IWiuA receiver, 
(riglit) HFTLIHtiAUptiminil 
(a display iTKKlulr like the nru* at 
riglrt nta.v beaddetl). 
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Frei|uency'Domain Limitatians. In adclidnn to having wider 

bandwidih, many modem niicrawave signals employ more 
con^plex modulation fomiat-s such as PSK (phase'Shifi key- 
ing) and QAM (quadrature amplitude modulation), Paiamet- 
ric measurements made in the frequency domain are not 
adequate to characterize these complex signals fully. Mod- 
em microwave signals can also have characteristics that 
vary during the sweep of a conventional microwave spec- 
trum anal>'zer, making accurate characterizaiion difficult. 
Finally, pulsed, bursted, gated, and time division multiplexed 
signals all have characteristics and infonnation tiiat are dif- 
ficult if not impossible to extract in the frequency domain. 

Atnpiitude-only Liniitations, Bcn-ause the traditionaJ spectrum 
anal>^er emijloys an cmcJope detetrtor, it provides only sca- 
lar information, and phase tnfomiation is lost. Since much of 
the infomiation in modem complex signals is conveyed 
with phase shifts or variations, this limitation is signifi- 
cant. 

Solutions 

All three of the spectrum analyzer limitations mentioned 
above have been recognized ami haV'C led to lire develoi> 
men! of new types of instnmicnts such as modulation- 
floniain analyzers^ and v^ector signal iinaiyzers,- Altliough 
tiiese instruments can aid greatly in the analysis of a com- 
plex signal, they tlo not operate at microwave frequencies 
and are not well-suited for direct connection to an antenna 
as required in an operational enviromnent, 

The HP 71910A wide-bandwidth receiver (Fig. 1) c^ombines 
the attributes of a microwave receiver with I he strengths of 
a microwave spectrum analyzer. The spectrum analyser 
strengths include wide frequency coverage, syniliesized 
I'Hz t.Lining, excellent phase noise, and amplitude accuracy 
The nticrniwave receiver attributes include wider IF band- 
widths anti demodulation. 

The IIP 719 IDA (irovides easy interfacing to vector signa! 
analyzers and mr>dulalif>ri"doniain analyzeiii and extends the 
rncasiiremenl rapabiiity oftiiese itLStrurnenL'S into the micro- 
w avt^ [ rt^ q u en cy range , Fi j lal iy , th e II P 7 1 9 1 A p ro v ides 
standard cortnecUon to commercial communications de- 
modulator products. 



provides nticrowave receiver operation only. The rest 
of this article wifl focus on the HP 71910A Option Oil 
configuration. 

Receiver Hardware 

A block diagram of the HP 71910i\. Option 01 1 is showTi in 
Fig. 2. The optional preamp module provides improved sensi' 
tKity and includes ai^ internal b>'pass switch. The HP 
70900B LO module provides the local oscillator and 
300-MHz reference signals to the HP 7D9iOA RF module. The 
HP 70900B also provides the firmware control of the mod- 
ules that make up the liP 71910A. For operation as a spec- 
truni analv^er or a receiver, the HP 7 1910 A mo<iules are 
slaves to tlie flP 70900B. The HP 709 lOA RF module pro^ 
vides microw^ave preselection and frequency conversion to a 
321.4-MHz IF output, which provides die input to the HP 
7mJllA module. 

RF Module. The IIP 7ffi^0A RF module was developed to 

{jrov'ide wide band widths in the front end of the receiver^ 

Aspects of the design importiml for microwave receiver 

operation include; 

Increased-bandvk^idth YTF (YIG-timed filter) preselector 

Preselector bypass 

Mixer microcircuit for imi>ro%'ed sensitivity 

Progranunablc gain at S21A-MH'/. IF output. 

11ie partial block diagram of the HP 70910A RF module in 
Fig. 3 shows four signal paths. The first is the low-band 
patJi, wliich Ls used for frequencies up to 2.9 GHz, There aie 
two micro w^ave paths, preselected or bypassed, which can 
opei-ate from 2.7 GHz to 20.5 CJHz. FinatJy ttiere is an IF 
input for use witli external mixers covering from 26.5 GHz 
to 110 GHz (millimeter- wave freiiuencies). 

The mininuim bandwidth of the microwave preselector in 
previous spectrum analyzer designs ranged from 25 to 
30 MHz. The design goal of the IIP 709 lOA was to improve 
the nunimum bandwidth of the YTF to at least 36 MHz. 'Hus 
was accojnplifihed by modifying the dopinj^ profile of the 
YIG spheres used in the YTF A \TF bypass ivdlh is ineluded 
to allow unpreselectefl opcratioji when api)ro])riat.e. When in 
bypass, tJie bandwidth of tlte microwave path is much wider 
than the Ijandwidth of the preselector. In addition* the group 
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Description 

11 it^ HP 719I0A is an MM8 (ModuUu* Measurement System) 
product which includes a new IF module, the HP 7091 lA^ 
and a new revision of system firmware. The firmware revi- 
sion pemiits operation of tlie HP 70911 A with an existing 
microwave spectrunt analyzer, the HP 7120^)A Option 001, 
and provides improved perfonriance for signal searching 
(see the firmware dcscriptifin on page 8-4). The HP 7(^01 1 A, 
which is descriijcd on page 89, pnivifles the runriions usu- 
ally associated with a microwave receiver, including IF 
l>andwidths from 10 to 100 MIk and pulse detecOon. The HP 
7091 lA also offers options for FM demrKJuhif ion. 70 M fix IF 
output, and 70-MHz chirumel fdters. Anotju i rcii[urc jiui 
found in other microwave receivers is the l-Q output option. 

The two most common configurations of !he IIP 719iOA 
o[>erate over the frequency range of 100 Hz to 26.5 (iliz. The 
standard HP 7irU0A fFig. 1, left.) provides both microwave 
spectrum analyzer and nut rsKwave receiver operation. An 
alternate configuration, (Jptioji Oil (Fig. I, right), 
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dplay peTformsnce is improved when the preselector is by- 
passed. 

The preanip- mixer jTiicrocirciiit followmg tlie preselector 
improves sensitivity in two ways. First, the jjreanip compen- 
sates for the loss of the YTF while retaining aceepiable in- 
temiociulation performance. Secojui the mixer design takes 
advantage of a special diode contlgn radon to minimize con- 
version loss in the liamionic-mLxing [>anfls. 

The final 32L4-MHz block is tJie programrna.ble-gali\ anipU- 
fier. The purpose of this amphfier is to mainlain a constant 
gain from tlie RF input to the 321.4-MHz IF outi>iit as a fnne- 
tion of frequency. The gain Is set based on lookup table val- 
ues determined during final test. 

IF Module. The design goals for the HP 70911A IF module 

included; 

100-MHz bandwidth variable in 10% steps 

70-dB gain in accuiate 10-dB steps 

PtaJse detector for 10-ns pulses 

70-MHz IF output 

FlVl demodulator. 



Variable Ijaiidvvifiths and accurate gain are stand aid in spec- 
trum analyy.ers, !>ut tyt>ically at center frequencies oi*3 MHz 
or 2L4 MHz. In the HP 7091 1 A all variable gains and 
handwiddis are centered at 321.4 MHz. The higher center 
frequency and the higher fractional bandwidOi presented 
significtmt design cliallenf*es. 

An envelope detector for Aj\1 and pulse detection is also 
standard hi spectiaim analyzers, but in the HP 709 11 A de- 
sign we liad to accept a 32L4-MHz input and have band- 
width consistent w ilh recoverhig 10-ns wide pulses. 

Wide-bandwidth FM signals are common in both satelhte 
and terrestrial microwave comnimucations. For tliis reason, 
wideband FM denrodulation. not fouiu! in specinnn analyz- 
ers, was an important design goat in the HP 70911 A. 

Within the communications industry, 70 MHz is a standard 
IF freQuency- Most commercial comnumicaiion demodula- 
tors accept 70-MHz input.s. For ihis reason, a 70-MHz IF out- 
put was considered essential for interfacing to demodula- 
tors for formats other than \\idebaird AM or FM. 
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Fig. 4 shows the m^or functional blocks that make op the 

TIP 7091 lA. The %-ariable gam and bandwidth block includes 
a bandpass filler wiih bandwidth that varies from 10 to 
100 MHz with DAC control. The filler is a five-pole s5?TichrO' 
ncHisly limed design. The gain eonsLsLs ofsev-en stages of 
siep gains inters|M*rse(i with the \mies uf the filter. 

The calibration attenuator and linear detector block in- 

chides a precision attenuator uith I'mIB range and an en\'e- 
lope deleclor with IfXWMilz bandwidth. The detector is fol- 
lowed by video gain and level control. 

Several optional functions (^an be added for expander i re- 
eeiver capability. These plug into ai^ option card cage and 
are controlled over a common internal bus. 

FM OfscfimJnator. 'litis blcx-k inciodes a delay line discriniina- 
lur with excellent hnearity aiul a niaxtrntim l>andwidtli of 
40 MHz. Tv\'o sensitivity positions, 10 MlizA* aiid 40 MlIz/¥, 
can be selected. 

7Q-MHr Down- Co five Iter Tliis block consists of a dowiK-on- 
\ersion ijalh ajul a fractional-N syTithesized local oscillator. 
The ttming range of the LO pro\1des, with a change of out- 
put filter 140-Mliz and 160-JVniz IF outputs. 

Channel Filters. Tlie standard IF band widths are of the s>ti- 
chrtnifiiLsly tuned tlass atid provide very good response for 
ptilsos but lack the shape fa( tar desireil for communication 
signals. The channel ilitei^ provide a selection of five six- 
pole Chebyshev filters centered at 70 MHz for tise as prefil- 
ters for the conununication demodulators. 

l-Q Down-Converter This hUu k ivtivndes I and Q basebimd 
ouipurs with a i">0-Mlk l>andwif!th for each out[>yt. The local 
oscillator for the dfjvvn-convt^rsioii is synthesized ^md the 
design is tlie satne as that iiseti for the 70-MHz output. 

A more detailed dise-ussion of the design aitd iniplementa- 
tion of the HP 7091 lA is given on [rage 89, 

Receiver Bandwidth Improvements 

Tlie increase in bandwidlfr tor it\(^ IIP 7191 OA is dt^pcndent 
on the frequency hand sek'eli^ii. The receiver bandwidth, 
which depends on the bandwidth of both the RF and the IF 
Euo<hile.s. ranges from 31^ MHz to 100 MHz. The RF hand- 
width fif tlie low-hand p^ilh is sei lo48 MHz tniiiiinnni by ihe 
batKltiass filter in the :J.(UiHz set fjtul IF hi the [m^selected 
microwave path, the bandwidth of the RF niodide ranges 
from 3ti MIIz to 60 MHz over the 27-GHz-to-2(jj>(iHz fre- 
quency range. However, when the preselector is liypHSst^i 
the bandwidth of the microwave jiath at>proachi^ 200 Miiz, 
Finahyt when using ex1:erntd mixers for fretitiendes above 
26.5 GtIz, the bandwidth tjf the RF t^itth will he set hy the 
mixers, but is at IctLst 200 MHz. The resulting t eceher hand- 
width for each path is suimnarized in Table L 



Table I 
HP 719tOA Receiver Bandwtdths 



HP 70910 A 
Signal Pdth 

Low- Bat K I 

PreseiecH^d 

UnpreseiecU^tl 



m 

48 

m to 60 

1(K) 



IF Output jMHz) 
140 

48 

^>6 to 60 

70 



70 

40 

36 to 40 
40 



Receiver OperafjDn 

To simplify Ihe IIP T19lOA's operation as a microwave re- 
ceiver, a personality dov^nloadable program was created. 

This pro^^mii. which is loaded into the HP 7*)!:KI0B L() nit>d- 
ule. t^resentii ihe tiser v^lili the display shown m Fig 5. Tliis 
scret^n provides infomiaiion to assisi the user in establisluiig 
tJie t*omect gain through the rec*ei\^er when other processors, 
instruments, or denio<lulators are connected at the outputs. 
Tlie RF/IF Gain annotation shows the total gaiJi from the RF 
input to the 7(^MIIz IF iiutiJUi. li accounts for fixed or \'ari- 
able gain and attenuation in both the RF and the IF modules. 

In addition to calculating and displaying gain through the 
receiver, the receiver personahtjt" extends tlie gaui resohition 
available ro the user. In normal spectrum anal\'2er opera- 
tion, die IF gain resolution is 10 dB. However, for the HP 
7091 lA IF module, the personality combines the KRtB reso- 
lution of die step gains with the 1-dB resolution of the inter- 
nal cahbration attenuator to pro%ide 1-dB gain settutg reso- 
lution over a 70-dB ratige. 

The receiver personality also provides contiol of tite op- 
tional receiver functions such as FMt I-Q. and chmtnel filter- 
ing. This partiiiotiitig from \\w basic finu\\are contrt)l of the 
HP 7091 lA was made to allow for adding options in the 
future wiihotit the tieed for a fi mi ware re\1sion. 

In addition to providing an interface for nianuaJ control, the 
receiver personality card also provides a programming inter- 
face for automatic oiieration. After the receiver person alify 
is loaded and initialized, control extensions appear as 
additional t^rog ramming comnumds not present in the basic 
fi mi ware. 

Microwave Vector Signal Analysis 

As tnentioned eai'lier, vector sigtial mialyzers have baseband 
processing capabilities which w^lien used with RF or nucro- 
wave dov\it-convei1ei-s permit a niore complete* character- 
izaticm of wide-bajid width signals. 

The l-Q down-conversion oi^tlon of the HP 71!nOA wa*^ 
desigiie<f specifically Tor use with oilier I IP digitizers and 
oscilloscopes. This option can also be used with a diial- 
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channel vector signal analyzer such as (he HP 894 lOA to 
extend both the measurenieni bandwirlifi imd the frequency 
range of veetor signal analysis. This eonfiguration is sho\Mi 
in Fig 6. A speeiaJ processhig nwcle and Ciireful attention to 
cahbraaon are required fbithis eoi^guration. Tlie IIP 804 lOA 
and ver^tor signal analysis art" brieHy deseriUecl on jjage 87, 

Applications 

Although much of ihe early defmition work on the IIP 
7 1 9 10 A foe u seti o n radar ap f :>1 i r ai i o n s , ! 1 1 e at L en I i on ii v I at Dr 
phast^s of tile design shifted to microwave conmuinieations. 
For example, hi sateliite coinnnun cations, which reqnires 
extensive prelauiich lesling, postlaunch tiualillcaliun, and 
periodic qiiahty monit<jriiT^ of livt' tralTic after coiutnission- 
ing, Ihe IIP 71H1DA hcis much lo offer. 

The large luvestment necessary io launch a modem conn^ni- 
nications satellite makes it imperative to test die satellite 
and rlie satelhle payloads iliorouglily diu'ing develop men I 
aiifl nianulacturing and jirst before lanndiing { called hjgh-t:>ay 
testing). Thf> number of rests required to fully characl eri/'-e 
peifonnance combined with aggressive launch schedules 
make lesling tlirouglipui a lu^yor consideration. 



One of the most time-intensive measurements Ls spurious 
testiug. This is because of the complexity of satellites and 
the nature <.if the ineasuremeiits taken using the typjcd 
spectnun analyzer approach. Sweeping a siiectnmt analyscer 
over llif' full UajLsjKjnder band with the iianow resohition 
l^iuulwitlLh n(^cessaiy for sijurious testhig It^ads to very slow 
sweep times and tiierefore very long measureniertt t hues. 

Ftjrlunately, vector signal analyi^ers such as the HP 8(I41()A 
liave much itister sweep times for the resolution bandwidtlu^ 
of 1 kHz or less, which arc used for spurious (spur) test- 
ing. By connect ir^g the bQ iiyljjuts of the HP 71PltJA to tl\e 
two input cliannels of ttu- fit' HJIllOA as sho\\Tt in Pig. fi, h is 
possible to ijerfornt rati id spur search over a 2{>MHz spar:i. 
RepeatiJig this jjrocess by step tiuiuig the IIP 719 IDA over all 
the satellite hands provides nearly a xlO improvement in 
s|>ur search speed over sweeping the spectrum anaiyzer 
wiUi the same t»and.w^idth over ihe same fre*|Uriicy range. 

Once a satellite Ls commissioned and carrying live traffic, it 
is important to maintain the quality of the signals since fail- 
ure to do so can lead to reduc;ed revenues, t.hie impoitant 
measurement is the total power of liie tlown link. The total 



Firmware Design for Wide-Bandwidth IF Support and Improved Measurement Speed 



The addiTtofi of a widehand linear IF modulE to a Modular Measurement System 
(MMS) spectrum analyzer pfesented two main challenges to the firmwars- provid- 
ing [Sufficient operalior>al speed and adding new featyres and opera! ions. The 
Doncern over operational speed was heightened by the feci diat many of tha 
applications targeted by this product reqoired sp&ed similar to ihai obtained by 
instruments diat dsd not have to account lor either software calibration ur 
modularity. 

Opefational Speed 

Tbs challenges associated with Dperationsl speed mvolved finding a way to apply 
calibratfon In near reaj time. and effiDtent handling of incoming data and temporary 
varfabjes. 

Calibrsted Operation. To obtain calibrated data From an MMS spectrum ana- 
lyzer, every traca data point obtained from the ADC must be corrected using the 
appropnate calibration data. This needs to be done as close to real time as pos- 
sible or the lag between the incoming raw data and the completion of the correc- 
tion processing will quickly become the dominant factor in the retrace dead ttme, 

The particular calibration data that musi be applted and the algorithms that must 
be used to apply it are dependent upon the currently active signal 'path of the 
instrument. This can change as ttie user selects different If bandwidths, different 
ADCs. and so on. This situation is complicated further by the desire to be able to 
do trace math (such as calculating the difference ohbe active trace and a base- 
line traced as Ihe data is received. Finally, fhe trace data needs Id be sent to the 
remote display (if one is active) as the process mg is completed. All of these com- 
plications e3<ist even without a linear IF module. 

If 3 conventional program is used to apply Ihe per-pnint calihratlort. the time to 
perform the necessary number of conditional tests would overwhelm the actual 
calculation times. An altern^tve approach has been used since the beginning by 
ti^ I^MS spectrum analyzers. Instead of performir^g the conditional tests for each 
data point, an efficient slate machine constructs a program to perform the neces- 
sary calculations for the current instrument state, This is (ione by properly combin- 
ing machine code program fragments. The coostruction of this program Iknown as 
the RAM program) is properly synchronised with the appropriate state changes 
and trace operations 



During the execution of the RAM program, calibration and interpolation table 
addresses and calibration constants are stored m the CPU registers whenever 
possible. A preloaded register set ts prepared at the same time that the RAM 
program is constructed. Ef the RAM program catches up With the incoming data 
stream, the process running the RAM program can swap nut to allow other opera- 
tions to occur By keeping all the necessary data in the CPU registers, this swap- 
ping occurs quickly. 

To account for a linear IF module, various additions to the RAM program were 
required, Previously all IF modules supported by the system were log IF modules. 
Since all data c-alibration occurs after the signal has traversed the IF section, d 
made sense to keep almost all of the correction factors in dB. T!iis has the addi- 
tional advantage of allowing simple addition and subtraction to be used to apply 
the calibration data. Further simplihcation is achieved by stonng the correction 
factors as IB-bit fi?(ed-point values. A scaling factor of IDO is used. For example, 
a value of 10,34 dB wculd be stored as t034 

With the addition of a linear IF module, the assumpfion of logged incoming data 
was no longer valid. The main alternatives were either to rework the RAM pro- 
gram to be able to handle linear data (including ifie need to do multiplication and 
division instead of simply addition and subtraction! or to translate the incoming 
linear data to log data Ipremterpolation) The latter approach is much t^uicker at 
peiforming the calcufaiions, but it also has the potential for a loss of accuracy, 
However, witli the ADCs currently supported by the MMS spectrum analyzer, both 
the accuracy and the range are limited by the ADC. not by an initial interpolation. 
Thus, the preinterpoiatian approach was taken. 

Later experimentation showed that, witb the reference level set properly a 
3a.5"dB range could be achieved with the required accuracy, This was sufflcieni 
for the intended use of the product When a display of linear voltage or power is 
desired, a table lookup and po^dnterpolation is performed toward the end of the 

RAM program. 

Hardware Caches, At fast fshortt sweep times, even the RAM program, running 
ana 2Q-MHz MC5802D. is not fast enough to keep up with the incoming data 
stream. At this point, the data is buffered for the RAM program to process when 
ii can At the fastest sv^ep times, the data aequisltion loop is aetoally locked in 
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power may come from one wideband carrier or it may be 

the sum of hundreds of narrowband carriers. In either case, 
the mstanianeous power ov^er the fiiU transponder band- 
width is desijned. Using swept speetxmn analj^er techjiiqu^ 
for this measurement can limit speed and degnide accuracy. 
How^ever. when the channel filters opiion of the HP 71910A 
Is used \iith the PIP TOKJOA power meter module, a single 
accurate power nieasuremenf of the full transponder band- 
width, or individual measurements of carriers \^th specified 
standard bandwidths, can be performed (see Fig. 7>. 

Terrestrial microwave conunimications is an application iliat 
involvf^ mde-band^ldth signals v^ith complex modulation 
schemes. For monitoring microwave link perfont^aiice, die 
BP 71910A offers an optional 7(^MHz W output for connt-c- 
tion to products that can demodulate these complex modu- 
lations. Tius feature migh! l>e used for assessing the BER 
("bit error rate) performance of the communications Link. 
The BER perfomiance of the HP 719 lOA was characieriKed 
diuirig development. The results of those measurements are 
sho\m in Fig 8. 




HP BS410A Vector 
Signal Ana^v^er 



Fig* 6- The HP 719 lOA ccm^ured with the HP 894 IDA vector 
signal mialyzer. 

Other aspects of link performance are often assessed using 
a constellation display. The I-Q output option of the HP 
71910 A can be used to display the signal constellation on an 
oscilloscope (see Fig. 9). 

Although swept spectrum analyzers have been used for 
characterization of radar signals for many years, the trend 
toward nanrow pulses and inn-apulse modulations have limited 
their usefulness primarily to spectrum disiilays. By comiecting 
the IIP 719iOA outputs to liigh-speed oscilloscopes i1 Ls pos- 
sible to extract much more information about the radar. 



the MC6802D InstructTort cache to minimize memDry accesses for this timE-criticai 
apeTation, 

Software Caches. In addition to the hardware cache busEt mto the MC68020. 
ths MMS spectrum ana Eyzer firmware makes use of software caches as apprDpri- 
glfi. Because of the moduiar nature of the insfru merit, a change of state can 
impose a heavy caiculation burden, Thts burden must be borne by an affordable 

cpy. 

Detailed timing and analysis of the operation of the instrument reveslsd several 

intensive calcutations that could be idemified by a minimal number of internaf 
state variables, Ttiese variables are used as tags for software caclies. This ap- 
proach saves 6D ms or mom for some common state cliange operations Use of 
these caches was integrated with the RAM program so that a register could ac- 
cess the cacf^ data direct iy. avoidmg costly data copying . 

Further performance improvements were reaNzed by recognizmg situations in 
which a calculation might need to be redone because of further user inputs before 
a data acquisition is performed, 3n such cases, if it is possible, calculation is 
delayed. 

Addttianat Adaptittons iat a Wideband Linear IF 

Addmg mure teatures and apefatEDns to the MMS spectrum analyzsr involved 
adverting the capabilities of the IF module to the analyzer and preseleclDr can- 
tertnrj 

Cnnliguraiion Support. In addition to the changes to the RAM program, the 
main s<gnai routing aSgoruhms had to be enhanced to account for the linear IF 
module. In the fvlMS spectrum sraiyzer, all modules advertise their capabflities to 
the control module via an ASCII capability string. This machine readable string is 
effectively a logical block diagram of the module, including all inputs, outputs, and 
switching capabilities Some of the elements of this model are named so that the 
control module can propedy mantpulete the hardware via a standardized command 



The addition of support for a linear IF module required minimal additions to the 
capability string language Most of the components of the module had already 
been modeled. Support for an additional value to an existing option flag was the 
only thing required. 



Preselector Centering, The wideband IF module presented an additional 
difficulty with preselected systems, With a narrowband IF, the tuning of the 
preselector is dune via peaking. In peafcmg a test signal is injected into the system 
and the preselector hardware is tuned to provide a maximum response, This 
approach does not work for a wideband IF module, since the peak of the passband 
may not be near the center. Hence, using preselector peaking with a wideband IF 
module oould easily result in a substantially reduced available signal bandwidth. 

The proper approach for adjustinf a preselector to work with a wideband IF mod- 
ule is to center the filter based upon a user-configurable signal delta value (typi- 
cally 6 dS) Centering occurs in three mam stages. First, a coarse search sketches 
the shape of the curve and identifies where to seerch for the peak value, Next, a 
fine search identifies the actual peak Botli of these steps are similar tp what 
occurs for preselector peakmg. except that coarse values are saved. The final 
step involves fine searches in the areas of the curve that correspond to the user- 
specified delta from the peak value. In ail searches, an appropriate amount of 
overlap is used since the curve might not be locally monotonic, 

The initfsl implementation worked coffectly. but test users sometimes complained 
that the preselector st^ll wasn't being centered correctly. The typical situation 
was that a user had a band-limited signal path that had not been previously con- 
nected to a narrowband spectrum analyzer. Thus, the user was not aware that the 
signal path was the problem . 

The solution to this situation is to display tfie centering graphically as it occurs; 

All of the coarse and fine points are plotted so that the user can see what is 

happening. In addition, the user can examine and change the selected centering 
setting. 

Conclusion 

By usmg the techniques described above, we were able to add support for a 
wideband linear IF module into the MMS spearum analyzer family and achieve 
speed that matches or even exceeds that of instruments vi/ith less functionality 
and conf igufebiliiy, 

Thomas A. Rice 
Development Engineer 
Microwave Instruments Division 
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Fig, 8. Results of a m QAM 150-Mbitys Ltit terror rale (BER) te.sT Uw 
thf^HPTieiOA. 



Fig. 9. A IB-QAM coiistellaUon plot Erom aii HP 54600A osoUq^ 
scope, capturf-^d using \he l-Q oprion of i.lw HP 7 J (J It) A, 
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The HP 89400 Series Vector Signal Analyzers 



^e dtsfgned specificsHy for lodays 

domain, and Tra m chaf acterist^cs The HP E - 8944 1 A 

analyzflfs art 1 1 - ri^uencv coverage to 1 6 GHh an , . . cipedwelv 

80th gre lifntted to a 7 -MHz informattan bandwicMi. where the infarmation band- 
,\ at can te a^^ly^ vwihoy! any loss of 

- s;:sctium analyzef and HP B941QA vedor 
SiQr>a» ar»alyi&' ^ri ^ uStid ^i^kri^r tik obtain freqtisncy coyBrage m mjaowave 
ffequ^ctes ami information bandwicfths to 20 MHz 

By itself, the HP 8941 OA is €Ofistd€rtd 10 he a twiH:bamiel bascljand analyzer. 

Each input channel mcorporsies an anti-alias filtef, an ADC operating ai a 

25 6-MHz sample fate. 3nd dedicafed harchware to perfDrm digital signal process- 

mg. MormalEy. these channels are used independenily However, when used with a 
quadrature down-converter sucii as ttie HP 7091 1 A Opiian OCW, tine in-phase [l| 
and quadrature-phase (Q) sfgnais from: the down-converter are each connected to 
an input channel on !he vector signal analyzer where they are digittzed and then 
recombined into a single complex signal of the form l+iQ. Fig. 1 shows an example 
of the measurements obiained when the H? 8E410A and HP 7091 1 A ara used 
together. Although the 1 and Q signals are each limited to 10- MHz bandwidth by 
the analyzer's anti-alias filters, the combmed complex signal has a bandwidth of 
20 MHz 

Complax Signals 

In any system where the I and Q signals are analog, the accoracy of the system 
and Its dynamtc range will be limtted by the orthocfonality of the signals and hy the 
match between the I and Q ssgnal paths Calibration routines can be used to mea- 
sure and improve system performance Isee Fig 2], The system errors observed 
during calibratjon are reduced using both hardware adjustments (performed elec- 
tronically) and digital signal processing technique? Table I lists the system errors 
and the action taken 10 reduce the affects of the errors 

A pFogram has been developed that performs the system calibration and provides 
some level of instrument control This program is compatible with the HP B9410As 
HP Instrument BAStC Option IC2. ehminating the need for an external contiDller 
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Summary of Analyzer System Errors 

and Methods to Reduce Them 
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Fig. 1 (Jii shows a narrow pulse piodQced by using the video 
OLitjnil fjJ'the \W 7(I910A. tmd Fi^. 10b shows an inhajmbe 
chiip prochirefJ by tLsing the FM autpiit of the miCTQwave 
receiver. 
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An IF Module for Wide-Bandwidth 
Signals 

The HP 7091 1 A IF modufe provides the HP 71910A receiver with wideband 
demodulation and variable bandwidths up to 100 MHz, while maintaining 
the gain accuracy of a spectrum anatyier. 

by Robert J, .\rman trout, Teireiice R, Noe, Christopher E, Stewart, and Leonard M, Weber 



Ttie UP 70JH lA IF module pnnidf^ much of tlie new fnuc- 
EM>nalii> p^^sent in Ihf HP 7 HI IDA tmrrowave n^reiv^T. 
From the start, the priinaiy dt^sign goal of the HP 70911 A 
was to ovc^rf ome the 'l-MHz IP handwifitli limitation of exist- 
ing Modular Measurement System fMMS) specinun au:il.vz- 
t^iTS. At a minimum. w<* wanted a tenfoltl inerc^itsc^ in l>and- 
widllu but rctdiy hoped to achieve lOfl Ml!/. Althouj^h 
htimivviilth vva*s die iniyor design forns. si-^veral cjdier goals 
were al^so hnpoitant, i neh id in g: 

• Ac r I irate gain 

• Vaiiaijie bandwidUis 

• Fuisetieleriion 

• IJireet eonnection ftMiemodtjIators 

• FM dem«Klulatiou 

• I-Q do wn-<on versa ju. 

i ^r these goals only the fins I Ihree are usually considered in 
spectrum analyzer IK tlesiga. Tin* others were Jjasec) on the 
utH'<i If) beru-r address I he luor*' coiutdeK signals ejufiloyed 
in modem cotmrnitiujiiion and radar systeins, 

(jiveu the range of bandwidths rei quired, previous sperlrum 
analyzer IF de*sign weak ha-s efjnc^ent rated on center fre- 
(|uencit^s of 3 or 21. 1 MHz. Obtaining the accuracy and sta- 
[ahfy ol'botb gain and bandwidth ri'tjaired even at these IF 
be<|uencies tuts ylways l>een chrillenging. Wlnlc* Ibt^re are a 
number of vvell-undei'sloo<l rksign alternatives and ap- 
ta-oac^hes availabh* for 2L4-M1IZ and ::i-MIIz IFs, Ihey did not 
exi.sf for the 321, 1-MHz center frequency chosen for the IIP 
701 II 1 A. lk*cause of this sonu* degradation ol' aeciuacy iind 
stability was antitMjjalcd. and lire design ((*;un wasauxioiLs 
\n minimize any such (iegradation. 

Fortunately, ajdvat^ces in both components mid tabrieatit>n 
lechnittiu^s wi^re underway that were ai)pbcalde to the 
Ui t (Is i>f ibe projert. The intTeasuig availiiliiljly of wide- 
bntidwidlh RF t (atiponetils in surface momil trackages and 
tbegn*wing iulernal retierioire of surface motmi manufat - 
luring expeiiise suggested that tlie tH*rfonuaJiee goals con Id 
hear*luevcHl witlioul the need for internal inicrocirciut 
developnieau*. 

Tile resulting design makes exterisivi^ usr orsurfate luount 
1eclm<ilog> lo achieve the gnal of Idb-MHz bimdwidili al the 
»*i;iL4-MHi£ center bettueucy while maiulaining the excelk^ut 
gain accuracy and slaf>ihiy expec ie<l t)f speciruui analyzei's. 
In addihou, opiumal down-eouversion and demodulation 



features extend die ufjlity ftir widi^baurlwIdtJi signals wifJi 
complex modulatioiis. 

Fig. I shows theniajor internal functional bhjcks that nuike 
lip the IIP TOni LA A detaded discussiou of the tiesign c<m~ 
sideralious h»r these Iilocks is given Ijelf^w. Note thai tlie 
mockile is j>«utitif)t\ed imcj standjuxi and option seciitms. An 
option cardeage. similai" to that offered in the HP 859xE 
Series spectrum analyzers. taxAides a slandaiTl inteiface for 
all options. 

Variable- Band w id tJi Design 

Tlie foUowing discussion is dtvuled into three parts. The (Irst 
p;u1 giv4«s some backgnniud abi*iit !he design of variable- 
l^mal width biters. The sectaul jKirt describes an ah t^ni alive 
design tliat was considered and proven for 1-MIIz-io- 
lU-MIlz Iiand widths, but not ine hided in the fijial product 
release, 'fhi^ final pail discusses tlu* d ensign of tlie 10-MHz- 
t4»-lfKJ-MHz bandwidths of tlu> HP 7091 lA. 

Background. To sene iis background material h)r d(\scribing 
\aiiable baudwUhh Olter design, die design a] >t>i'*>ach used 
ill the IIP 7i)imA IF iiiodule is desenbed here. The HP 
TdlHKJA was Ihe laedecf^ssor of the HP 705)1 lA and ased the 
syut hrouoiisly lutied cla^ss of fihers. 

4Synehrononsiy iane<i fdters t*onsisl of several |K>les wUh the 
same center frequency aiui *./' with buffering betA\'een \\u' 
stages. There are several advantiiges to using this (:»f:Ulicular 
topology, foremost l>euig ihe excellent pulse it^sponse of 
these niti*rs. This resptjnse aUows for fast sweep sjieeds tai 
a spectium autdyzer. Since we are trying trj creaie u cnntinu- 
(msly variabk* bandwkhb over a large adjustnieat range, it is 
also iniportcUit to huve a filtiT that v;m be e;isily adjnstefi 
SynchrontHisly tuned filtei"s aj-e easy to tune and are toh^rant 
of a slight misaligmnent in different stages. Also, ujdike 
other bandpass topologies, the Q uf each stage is k^s thaii 
the llnaj required filter Q. 

To make ihcst^ stages vanable-bauflwiihlv, a stTies rests- 
timce is at k let I to redut e the Q of each of the individual 
stages. The individual stagt*s look like the circuit iti Fig. 2. 
The bandwidfh of this rMrcnit is given by Ihe R>ll<iwing 
euuation: 
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Fig. 1. Block diagram of the HP 709] 1 A IF niodule. 

where Rp is the equivalent parallel resistance across tlie 
tank ciicnit and Rg is the series Q-reducing resistance. By 
acijiistmg R*^, the bandwidtli can he aiyiisti^fl ronttnuously 
Rp is the combination of the input impedance of the buffer 
stage and the equivalent paraHeJ resistance of the taiik 
circnil. 

By cascading several of these individual stages, a synchro- 
nously tuned filter with the desire<:i bandwidth caii l>e 
created. The equation for the bandwidtli of an n-stage syn- 
chronously tuned filter is: 



BW,. 



= BW,,,,, /(2^ - l) 



The typical HP spectrum analyzer has four or five stages in a 
synchronously tuned filter, which results in individual stage 
bandwidths of 2.3 to 2.6 times the overall filter bandv\1dth. 

To implement a continuously variable synchronously tuned 
filtern ihe series resistance is created by using p-i-n diodes as 
vaiiable resistors. The p-i-n diodes used are optimized as 
current'Contiolled RF resislc^rs. The RF resistimce varies 
with forwaid bias current according to the foHov^ving rela- 
tionship: 

R-aIt-t^5 
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Fig* 2, RLC tank circuit mth a series resistance (R^) for ac^ustmejit. 
This circuit represents one stage of a sjTLchnDnousiy tuned filter 



where a and b are constants and I is the forward bias cur- 
rent in the diode. 

Tliis resistance characteristic holds for frequencies above 
the iow-freqiiency linnt, which is set by the minority carrier 
lifetime of tite p-i-n device. Below that frequency the devices 
behave like ordinary p-n junction devices and rectify the 
signal. This rcstUts in distortion effects tliat can limit the 
dynamic range of the filter, Tlie recommended operating 
frequency is ten times the low-frequency Umit, winch is 
given by the followmg equation: 

f = i.TT 

where i is the carrier lifetime, lb minimise the distortion 
effects from rectification, c^fien several p-i-n diodes are used 
in series to nnnimize the signal voltage across eacli individ- 
ual diode (see Fig. 3). 

Tills topologj' depends on a low impedance driving the p-i-n 
diodes and a high impedance buffermg the tank curcuit. 
Tyjjically an FET buffer amplifier is used as the amplifier at 
the output of each stage because of its higli input imped- 
ance* Care must be taken m the design of this ajnpUfier to 
avoid distortion problems caused by the large signal voltage 
across the tank circuit. Keeping the nonimear Jimction 
capacitance of the FET buffer amplifier small compiu-ed to 
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Fig. 3. RIjC tanic circuit with p-i-n diodes in place of a series 

resistajice. 



90 Octo twr 1995 Hewlett-Packard JoumaJ 



)Copr. 1949-1998 Hewlett-Packard Co. 



i 



the caq^adtance of the overall tank circuit mmimizes these 
distortion efTects, 

AcUusting the current in the p-i-n diodes can provide contm- 
uously variable band^sidths over a large range. Usuall\^ a 
digital-to-analog converter (DAC) is used to control the cur- 
rent in the p-i-n diodes and allow for setting di&ren! band- 
widths- 

This method of varying the bandwidth of the filters works 
vei>^ well with one slight problem. Tlie series resistance in 
combination vdih Uie parallel resistance across the tank 
circuit creates a %^oltage divider. Varying the series imped- 
ance into the tank circtiit not only changes the filler band- 
width, but also changes the loss through the filter as weO, 
This amplitude change is an undesirable side effect. Several 
methods have been used to compensate for this change in 
amplitude. 

One of tlie methods that has been patented by Hewlett- 
Packard uses feed-fonvard compensation (see Fig. 4). This 
method has several advantages over pre\ious schemes that 
rely on feedback for amplitude compensation. The idea is to 
sum the proper signal &i the output node to offset the drop 
across the series resistance element. 

By sunmiing a properly sealed version of the input signal 
l>ack into the output node with a compensation resistor R,., 
the voltage drop across Rs can be canceled. By setting 
K = l+R^/Rp, the voltage at the output node is always equal 
to Vi^, independent of R^^. 

Since Rp is determined by the Q of the tanlc circuit and the 
input impedance of tlte FT/T buffer amplifier, it does not 
vary with bandwidth. Thtis R^ cau be adjusted for each po[e 
of the filter to compensate for amplitude variations. Varia- 
tions in Rp over temperature can be compensated by using a 
thermistor in the R^- circuit to cancel their effect. 

Summing a scaled version of Vjn into the output node with- 
out introducing significant amounts of noise and distort icm 
is accomplished in some lU' IF circuits with a transformer 
circuit. By adtiing a prinuir>' winiling to the tank inductor a 
transfonner m created with a one-to-four turns ratio (Fig. 5). 
This sets the valine of K to be four and determines the value 
of R(. for a given Rp as: R(. = 3Rp. Using a transfonner with a 
one-to-four turns ratio yields an impedance transfoimation 
of 1 to 16, Thus, a resistor on the priniaiy side of the traiLs- 
former looks like 16 limes the resistance (Vom the secondary^ 
side. Feeding the primar>^ side of tJtxe circuit from Vij, 
tluougli a compensatioj\ resistor requires a resistance of; 

Re = 3Rp/ia 

Cascading several of these siages together implements a 
synchronously timed filler that has a continuously variable 
bandwidth and no cbai^ge iu amplitude. 
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Fi(j. 4. Tnprdogy Tor a fced^fDrward amplitude compensation circuit. 



Fig, 5* Feed-fonvarii xmipMliide eoitip€nsate<l RLC tank dreuit 

The HP 7O0O3A uses four of the stages sliown in Fig, 5 to 
implement bandpass filters with bandwidths adjustable from 
100 kKz to 3 MHz at a center frequency of 21.4 IVIHe. 

Design lor MWHz-to-1 0-MHz Bandwidths. In the HP 70911A IF 
module we originaily warned to have conttmiously variable 
bandwidths down to 1 Mllz at a center frequency of 321.4 
MHz. This required an overall Q of 32L4. Kven with several 
cascaded stages in a synchronously tuned contiguration, the 
individuiil poles still reciuired a loaded Q greater thiui 120. 
To achieve a lt:>aded Q this high requires a device that be- 
haves as a resonant circuit with a much higher unloaded Q. 
At a center frequency of 321.4 MHz there are vei^' few 
choices of resonators that can achieve a Q this high. Given 
the size constraints of fitting on a PC board inside an MMS 
modtile. the possible solutions to this design problem were 
limited. 

Some of the traditionai choices for high-Q resonators in this 
frequency ratige include helical resonators and transmission 
line resonators, Tlie size of either of these choices was the 
biggest obstacle to their use in the HP 7091 lA module. 
A new resonator technology was found that met all of the 
constrauits. This resonator is a quarter- wavelength shorted 
coaxial transmission line formed from a high -dielectric- 
constant ceramic material The dielectric coastant of the 
ceramic is approximately 90.5, which fields a lengtli of less 
than 1 inch at :i21.4 Ulh for a quarter- wave length resonator 
The coaxial resonators are fonned with a square outer con- 
ductor 0.23B inch on a skle and a circular inner conductor of 
0,095-inch diarneter. These dimensions are small enouglt to 
momit four of these resonators on a single printed circuit 
board with the appro]3riate cinujitry to create a foiu--pole 
synclu-onously tuned filter. The unloaded Q of these ceramic 
coaxial resonators at 32 L4 MHz is around 220. 

A shorted transmission Une (TjJ behaves like a parallel RLC 
resonant circuit at a center frequency correspontiinj^ to a 
(quarter wavelcnj|th of line. An eijuivalent RLC lumpe<l-eie- 
ment model for this circuit can be calculated by mat.cfiing 
the slope of the reactanc-e change with the frequency of the 
transmission line circuit at resonance to an equivalent RLC 
ctrciiit (Fig. G). The equivalent parallel resistance can be 
calculated from the Q of the resonator. 

T(5 implement a synchronously tuned Alter aU of the stages 
need to be aligned to exactly the s^ime center frequency. By 
adding jm adjustable capacitance in parallel with the 
shohrd iraiismission line the stages am be pulle(i into aligu- 
nieiil with the center Irequency This rei|nires tliat \\w 
resonanl JreqtietKy of tin* rcsonalor be jiiglier Uian the llnul 
required center fret^uency because the added parallel capac- 
Stance will lower the resonant fr*Yitiency, 



Octotjer lBSr>llfwU'rt I'lu'krin! Joum^J 



)Copr. 1949-1998 Hewlett-Packard Co. 




4Z„Q 



Fig, 6* Efniiwilent cirri iji [ay i\ ri-rannV' rf\'^ona(nr. 

Tiu^ r('sr>nator choson for tlu' HI* TOfH lA investigation was 
ciil to a IcngtJi tlmt coiTesjxnicled to approximately 3()0 MHz 
so that it cuiiltl be* pulled into aJignnieiit at 321.4 MHz. Using 
varactor diodes for the paraUel capacitance allows Ihe align- 
ment of all of the ceiiler frequencies using a DAC uruler 
automated computer controi. 

For a sf.iu£irc transmission line willi a rounrl renter conduc- 
tor the characteristic initjedance ot ilie line can he approxi- 
mated by the following fomuila: ^ 



Zi 



^ M 

^^^r 



In 1.079 



ohms 



wl\ere w is the width of r he square transniission line, d is Ibe 
diuiiieter of the coaxiid element center conductor, and e, js 
tiie relative permittivity of tlie dielectric. 

FiT)m the dimensions given above for<*oaKial resonators. Z[j 
is calculated to be approxhnately O.^i oluna I Lslf\g the formu- 
las given for R, L, and C hi Fig. 6, the equivalent circuit of 
the resonator looks like Fig. 7. 

To implement a fDur-i>ole .syru'hronously limed (ilItT, the 
final Q or each siage ne(Mls to he 140 U) mt^el tlic final de- 
sired tjanflwjdih ot I MHz. 1 liis imi>lies a loliil f>andlel equiv- 
alent resistance of 1004 ohms. Since the resonator parallel 
resistance is only 1765 ohnis, the total impedance of the 
circuit that buffers each stage must be greater fliaii 2327 
ohms. It is a challenging design tiisk to gt'uerale a buffer 
stage with that high aji imptHhmce a1 a frc^quency of 
32 1. 1 Mllz. To attidn a nuodnumi bimdv^idth of 10 MHz the 
equivalent pai'allel resisttmce needs to be 100,4 (jhms. 

The circtiit topology used for the 10-MHz to 100-MHz band- 
wifltlis, which is discusst^d in the next section, worked well 
at the lower Q levels, Inil w;is unable to provitk* the lugii 
impedance necessary for the nunimum bandwidtii of I MHz. 
To attain the high impedance needetl, a G^luVs FET buffer 
stage is used across the resonator {see Fig, 8). The diiver 
stage is a connnon4)ase cfrnfiguration so the outjstU imped- 
juice level can bt^ set hi^li i^noagh t<j he stepped up l)y a 
tapped-cat>acitor iransfonner cnrciiit wlucli is similar to the 
10"MHZ"t.o-10[)-MHK bandwidth circiut. The varador diodes 
used to vajy the capaciti^e laps have a tuning range of ap- 
proximately 10 to 1. 
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Fig. S. Rtisoiiaior with eirctiitrj' for Ijanriwidth and center frequency 

llUlillg. 

For a tat>ped-eapachor transfoi nu^r (h(^ effective turns ratio 
is given by: N = Ci/C, + L The iinjiedaiicf* ratio varies wjtli 
N^> This impedance ratio provides the required l>iuid width 
range but there is a tlrawback* Tlie tapped-capaeit or trans- 
fomier also steps up the signal volla^e at tlie input of the 
FET am[jliiler. Tins leads to distoilion problems. Tlie solu- 
tion was to step the voltage back down with a llxed-ralio 
tiiijped-capacutor transformer (see Fig. 9 J. This kee|js the 
voltage at the FET dt>wm to a level that keei>s the distortion 
within allowable limits. 

Varying C, and Ch ('an set the desired bandwidth from 
2.3 MHz to 23 MHz for each pole. CV is used io acljnst tlie 
center fret|uency to 321.4 MHz for each pole. Since the effec- 
tive capacitance across the resonator changes as the tap 
capacitors are varied, the center frequency neetls to be re- 
atljusted as the l>andwidili is varied, lliis is acc<iin]>]isliefl 
with varactor (iiodes drivers by DACs and a looku[> (able 
contiiiidng the appropriate voltage settings for each l>anfl- 
widih in lOKi increments over the entin^ range of band- 
widths, ( 'ascading tour of these stiiges as a syrtehronoiLsly 
tuned bandpass filter yields an overaJI bandwidth of I MHz 
to 10 MHz. 

Design for 10-MHz-to-1 00-MHz Bandwicflhs, llie dynamic range 
limitations of the resoluiion banilwitllli tliter design ap- 
proafhes described abo%'e itu^ant that they would not work 
for I be IIP 7001 1 A- A dilTerent approach was needed. A syn- 
clirnnous tyfie of filter was stUI tU^sired because synchro- 
nous nil ers have low^ group delay variation. This is a require- 
ment for good pulse fidehty. which was one of the goals for 
the HP 709 11 A. A five-resonator synchronous filter was cho- 
sen for the sha|>e factor reciihrenu^nls and rhe range of band- 
\vidth desiix^if These ;:U'e tw^o conflicting retjuirements 
because, unlike otlier filter types, increasmg tJie number tjf 
resonators in a sjucluonoiLs filter decR^ases the refiuutHi Q 
of the indi\idual resonatoi-s. For the requireii maximum 
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Fig, 7. C]irt;uJL values fur the ceramic: resDuators equivalent drc uii* 



Fig. 9. ]-MHz-lo-HJ-MHz tj^aidwirlrh filter stage. 
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bandiiidtli of 100 MHz at a resonant frequency of ;32L4 MHz, 

rhe fractionaJ bandwidth of ilie composite filter is over -30**^ 
anci with fi\e resonators, each tank would lia\'e a fractional 
bandwidth of over 80% of its center frequency'. 

A v^arialile restsnator with low insertion loss and low disror- 

tion was neetled- Esisting variable4>andwidth filters 
riianged the Q of the resonator by \ar>ing its load resis' 
lance. For u five-resonator synclironous filter: 



Z^' 



QstHikm - Wmt-mll ^ v2 ^"^ - 1. 

For the 10-^fHx bandwidth, 



QseniD,, = (32L4/10) X .2^ '^ - 1 - I2,a9, 

and for the 100-MHz bandwidth, 

Q^^rion^ (:?2L4/100) X ,2^^-- 1 = 1.24, 

For a single resonaton the bandwidth would be 2G MHz for 
the composite filter m have a 10-MHz t>anc! width and 2(>0 
MHz for a lOOMHz setting. Tliat means tlia! a j^arallel res<y- 
ruUor with an impedance of about 35 ohms at res<inance 
woultl need to see a parallel resLstance of between 45 and 
450 ohms. 

One of the ways the Q was changed in t>rev1oiis variable- 
ij^md width filters was to change the loading on die resona- 
tor with t^i-n dicides. A current som'ce drovc^ a se^e^s of jj-i-n 
diodes coru^eclecl to the toi> nude of the rc*s(3nator, wliicli 
was connected to a high-inipedance amphfier. 

This is a good sokition since p-i-n diodes acl like inext^en- 
sive ciec^trt>jucally controllable HF resist oi's. Distortion In 
p4-n diodes can be redticed by putting a lot cjf them in series 
and using the satuc bias current. This mc^thod w;ks tried but 
there was a proljlcni^. Fm Ibt* narrow ljnndwidlhs, a large RF 
vol tagi^ is preset y al tti c t o p n n d (m i f t h t - rt -s ona l o r, Wl u^n 
this voltage is apjjiied to iht* gate oi'u Fl'^f or I lie base of a 
bipolar junction transistor, the junctiot} catjacitance is var- 
ied by the RF" voltagt\ causing distcirtion. At 2M-MHz or 
3-MHz renter frcnjuencies wherv ihis srhenie luis Ihh'U used, 
the change in impedfU^ce bet';nise of this ijarasitlc vnracior 
is not significiuit. At 32 L4 MHz the degratlation iti the thud- 
ortler int.erc^ept Is too great given the aggressive goals of the 
11P70SJ11A. 

It seemed wise at :12T4 MHz to avoid Jii^i iiii|H'danccs, kigli 
RF%'<jltages, and ruuse-figine-dt'gnnling pin tiiodes. Tians- 
forming our charactenstir imperlant'e f^fTitJ oJidis np and 
Uieti down using reactive trinisformatioas wt>ukl alkiw us \o 
avoid high-inipediince amplifiers and |>i-n dkides. A capaei- 
tive t ran skinner could be implemented with varactoi's to 
give us tkedesirc^d (^ontiuuous bandwidth vmiatkin. How- 
ever, referenc^e texts snggesi that cajjacitivt^ transformers 
skonld be used in cases wkere the resonators are cmly <3per- 
ated up to2(F^i bjuidwuith. In the HP 7091 lA. the rt-sonafors 
rietnl to (j|>erate up to Hl% bmulwidtk, ll stn^ned like Uiere 
was little hope of getting this scliejiu* to work, but it war* 
I rie(J anyway 

With this top<jlogy the oJily place that there vvinild b*' kigk 
RF voltages is at the toj) node at \hv resonator Sincf t liert^ 
were going to be varacttirs at that node, there was concrni 
about disfortiorL ITiis was solved by putting the \'aractor 
diodes in a bat k-to- bark ronlign ration so that there wonld 
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Fig, 10. Rt'sonaiar ftir in-MH^-ic^-KHJ-MHx ImKlwtikh. Tiie 
\'3riahlt* t-spi«il fin> iire VRmeior tlkxles. 

be some cancellation of the effect of the RF \'oltage (see 
Fig. 10). In this cirruit. wken ike up]ier varador increases in 
capacitantt* because of a positive swing of Oa^ RF Vf>Itage. 
the lower vaxactor decreases Irs capacit<mce, canceling onl 
the change. Thus, the distortion problem was minhnijced, 

Tlie ntain effect of tiylng for over 8(Fu Ijajid width with ca- 
I^acitiv e tat>s is a nonideiil fdfer simpe (Fig, II). At the wider 
bandwidth settings the upper tap c^apacitors are nnich larger 
than the lower tap capacitors. The circuit resembles a high- 
pass filter and doesn't have the ideal resonator rejection 
above resoTunice. This can be compensated by adding series 
inductors that will resonate with the ui>per taji capacitors 
(Fig. 12). Tlie limidwidHi nrUiese ouler resonators is high 
enough foi' the maximum riandwidth desired. As the tuain 
resonator bandwidth is decreased the outer resonator shifts 
up in frcttnency because the upper tap capacitance de- 
creases. This shift ck>es not cause trouble .sim e tlie outt^r 
resonator has a baiidwidik that is high regar<lless of the lap 
setting betausi^ of ils 'jU^tilnn loading on one tjort and \'aii- 
able loading on the tit.her port. 

The main resonator impedance was chosen to l)e 35 ohms at 
ix*sQnance so that for the widest handwitkhs I hi* (^-redtning 
resisianfT reqnin^d was greater than 2."i ohms (50 okms ai 
the input in parallel with 50 ohms at th<' oiMpm ). (hice that 
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Fig, 12, Rt'Sfinaif jr cortipeiisated b}' addirtg series mduclors that 
will resonate with the upper lap capacitors. 

was decided, the values for L and C were easy to calculate. 
One of the conipljcat.iuas of using the tapped capacitors is 
that the equivalent capacitance m shunt with the taiik induc- 
tor ciianges with the handwidtli. Tiiis problem is solved by 
using DACs to t^ontrol the voltages of all the varartors. A lot 
of calibration ROM space is required to support this circuit 
topology. All five resonator circuits have tJie lower and uii- 
per tap vai actors ganged togedier (see Pig. 13). Tiie shunt 
tank capacitors are connected to separate DAC output:s al- 
lowing independent control ol' the center frequency of each 
resonator. 

llie resonator eircuit shown in Mg. 13 is used in the HP 
7091 J A. Tile insertion loss for this circuit is less tlian 6 dB 
for the 2f}-MHz setting and about 1 dB at 2G0-Mnz band- 
widtlt The third-order intercept point is about +29 dBni re- 
ferred to the output for all settings. Group delay variation is 



less than haJf a nanosecond in wide mode and about 3 ns for 
the narrow-bandwidth setting. 

Accurate Gain 

Thie gain accuracy of tlw HP 709 llA IF module depends on 
the gain of ihe seven stej) gains and the five filter poles and 
the accuracy of the ciilibration attenuator How gain accu- 
racy is achieved in each of these elements is discussed 
below. 

Calibration Attenuator. Ttie calibration attenuator is used dur- 
ing seif-calil>ratit>n of tl^e HP 71910A receiver The customer 
perfomis receiver self-calit>rat ion periodically to ensure that 
the receiver nieet~s all of its specifications. This prcK'edure 
measures and correcis several aspects of receiver perlor- 
mance. Among other t hingSt it measures the gain of the step 
gain and attenuator st^ages atid measures and corrects dis- 
played Uuearity errt^rs iu Ihe linear detector 

Since the calibration attenuator is used as a reference stan- 
dard against which other parts of the receiver iue measured, 
it is essential that the attenuator yield accurate^ and stalile 
gain over Oie receiver's specified O-to-SS'^'C operating tem- 
perature range. 0\^er this range, and over tiie attt^nuator's 
O-dB-to-13-dB attenuation range, accuracy is guaranteed 
within 0,a dB at 321.4 MH2, 

At tliese ftequencieSf variable attenuators are traditionally 
designed using semiconductors with bias dependent resis- 
tivity; Examples would be p-i-n diodes witli a current depen- 
dent resistance or Gku\s FET^ with a resistance that depends 
on gate %'fjkage. Uitfortuiiateiy, these types of attenuators do 
not demonstrate the required temperature stability. F'or this 
retison, the calibration attenuator was designed as a series 
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of fixtHl -^witchable altenuator sections (Fig. 14), The IhIB 
through 8-dEi attenuator stages are pi attennatni*s made* with 
surfac e nujuni thick-flhn resistors. The 0.2i>dB tJirough 
0.(KMB alleimalor stages trouid not be designed luy pi attenu- 
ators because the resistance \'alues required fur liiese very 
low attenuatian values would not be achie\^le at 321.4 
MHz. 

Instead of trying to figure out a way to build a 0.03-ciB atten- 
uator, we built a (mIB tee attenuator with im attenuation we 
could vai>' sligluly. Tliis was done by chaitging tJvt^ resis- 
taiiC^e of tlie shunt element of the 6h:1B attenuator. By switch- 
ing around snitdl resistoi^ In s(-rie<i with nuicli l^uger ones, 
very small atteniialion sle|>s vnn lie realized, CJhanging only 
the shunt element in this aileuuaSor does cause the attenua- 
tor's return loss to viuy aer<js^ it^ U.5-dB attenuation ran^e. 
but this effecl is sntah eJiougb to be acc-eptable, 

WitJi slatuianl 1% tolerance resistors, rhe attenuation accu- 
racy of tliis (irruil will not be exact enouj^h without aligii- 
uienb During a!i.t^runenl oflhe IIP 7(H}11A. each I dli culibni- 
lion altenuator step is measured and correcicfl to I he 
desired value by iuniing on I he ap|>rot>riat*»cr*mlanaiioj| (jf 
small attenuator step?^. This ahgmneni data is tJien stored in 
KKPROM 

Step GainsK Tlif fuiqiosc* of slep ^ains is to suljsiitufe a 
krumu fixed i^ain £ilii^ad i^f thi: iletector to enable accurate 
uieasurement of low-level signals. The id(*al ste]j gain has a 
b-dB i^ain state am] a 10-dB giiiii state. Tlie impleruentatiou 
in the HP 7(191 lA is shown in Fig. iri. The 0-dB (by])ass) t^^ilb 
acUially h*is a|>f proximately 2 dB of loss, whih* tin* UMlB 
(gain) j)a!li has ap])roximately an 8-dB giiin. The goal of the 
circuit is to make the gain ihlTerence between tlie O-dB and 
lO-dB states exactly 1(1 dli The vaiiable attenuator in the 
gain ]jath ;illows the gain to be trinuned \u achieve ibis act ii- 
raU^ gain ddferent c During alignment the DAC values re- 
quired («> triru the gain are determined for eacli of ttie step 
gains from measurement's made at 0, 25, ajid fiB^C. These 
DAC values are stored in KKI*l£()M lal)les whicli are con- 
sulted by the module lurnware during opeiatioiL As men- 
tioued above, the calibration allenuator is used dining cali- 
bration to nu'asure tlie actnai gain slep value, hi addiliotu 
because the calibration attenuator is accurate t.f) within 
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Fig. 14, Tlie callbratiou attenuator 
is desi^jed as a serif^s ofswich- 
iiblv attent^atur sc*ct;tf*ns. 

0.3 dB, it can be used in comunctlon with the step gain to 
pro\idc accurate 1-tlB gain steps over mosi of the 70-dB gain 
range. 

Fitter Pole Bain. As tliscu.ssed above, bandwitlth variation is 
obt^iined wiili a cruUrobed ^ariation oflhe Q of Oie filter 
pole. Because of tins, tJie gain of the filter pole also varies 
with b^md width. It is necessary to compensate for this gain 
variation if the module gain is to be accuiate for all lirind- 
wi(itiis. Since bandwiilths are in 10% steps (10. 11, 12.1, ...), 
there iire a fmite number of biindwidths for w1iic:h gain com- 
pensation is reiiiiired. Associated willi each filter pole is a 
prograuuualile gain block (see Fig. Pi), Tliisgain block is 
iLsed In proviiie rhe ru^cessaiy gain ctunpensatirai. The DAC 
values for this eom|>ejisa!ioti are dettTurined during align- 
ment and stored iti l-lKPRt JM tables, which are consulted by 
the rirmwari* ea< h time the fjand width is changed. 

hi addilirju to controlling the nominal gain of tlie filter pole 
I liese progranuuable gain l>loc*ks als(j play a nile in t(*m[>era- 
lun^ compensation ol' the overall giihx oJ' the inociule. Gain 
drift with temjjerature is most troublesome during wamiup. 
Por this reason, the^ temi je rat uie of the module is monilored 
during warmni* '^^^^^ '^^t^ Icmipt^rature value is used io atljust 
the gain lr» keep the oulpiit it^vcls nHatively constanl. The 
Wiirnuip peritKl isdefiued as Mie first liour after \hv moflule 
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Fig. 16, A rf*i»respnlaiian of ii prtjgrunmuibJf ri<LMi i>jiic k. 

if* pow(^rt'(i un. During tliis period tJiP Temper aturt' is iiieii- 
HiircHl oju o prr inhinfc aiui (hc' rate of cliango is iised \n r!e- 
tc'nuiiu* I he Kiiie ui' tilt* gain aLlJuslnicni required. Mter I lie 
warrinip period* the giun is stable for shmiU chiuiges '\i\ tem- 
perature so this c'OinpeTi Silt ion mechanism is disabled. 

The nujtliile Unnware orchestrates gain eliLinge?; based \m 
samjilini;? a tempcTalure sensor voltage with m\ ADC. The 
AfX ' vahies are used to ealeiilate the gain change based on 
the following equation: 

(Vt- v;iG,, 



V5r^ - V„ 

where Vj is Ihe vf>l(age rt^presentation for tlie eurienl tenv 
perature, V[, and V^n represeni (he vollage vahies for l'> and 
Ty'rV respectively, ajnl Cip is die jieak gain change t between 
25 and ii-5°C for eat^h barMiwUhh- Gp is determined dnrijig 
alignment. 

The gain change calcnlated is used to inciex into tm 
EEPl^OM I able lo (kiermhie Ihe DAC value necessary to 
achie\'e die <lesii'ed gain. The DAC -value -vei'sus-gain rehe 
tionship i^ detemiined and sKneil tlunrigfatlijry alignment. 

Pul^e Detection 

The lint ai deU^el or allows the receiver's user to recover AM 
and pulse motiulalion from the input signal, h strips the eai- 
rierfrom the inpul sigjial and leaves only the envcdope 
(Fig. 17), The resulting enveloi)e inforntatitJii can then be 
display**d on an oscilloscope, allowing the user to analyze 
the modulation or IrinLsienl chiyacteristusof the Input 
signal. 

The key ijerfonnantT speei Heat ions forilie deieetoraic 
baiidwitith, dynjnnic range, and pulse fu ielily. We wouki like 
the detector bandwitlth to be much wider tlian the IF nujd- 
nle's bandpass filters so that it does noi hunt \\w W niodule*s 



bandwidth, Tfie bandpass fiherH have a maxirnuiu band- 
width of H){) Mllz. which is eqnivaleni to :i) Mil/ after detee- 
tion. The detector is guaranieed to Isave al least twice dib 
ban ci width, or 100 MIk. Dynmnic range is a measure of the 
hnearity of the (ietecfor. This is inea.sured by changing die 
infiul \\V voltage in 1-flB sie[js and measuring Ihe lesuliing 
change in the de outiJiit voltage, hleally, it should also 
change by 1 dli Ourspectficaiion guarantees that over a 
i^tklB range, this change will be aceiirate witbin ■i%. 

Prt*vious linear deleetors in HP sput trujn analyzers have 
achieved this jk iformance. bni al much lower IF frerinen- 
cies of 10.7 01 2L1 MHz, Athie\ing this perfon nance at 
;i2L 4 MHz wus the most challenging 5:Lspect of Itiis design. 
A seheinatic of this circuit is shown in Fig, IS. Ql is a 
connnon-btLse buffer stage that drives Q2, which is the tie- 
tector transistor, Q2 and i'Hl each act as lialf-wave rectifi- 
ers. Positive half cycles of (jls output current flow thrcjugh 
Cin to gixiund. Negative half cycles flow t.hrougli Q2's emit- 
ter and collector and develop a vollage at toss RL the load 
resistor. 

The fundamental hnt^arity problem Is fhai ilii- in|)U! imped- 
ance of Q2 vmies dnunatically wilh signal level. With no 
iiijuu sigjuil, Q2 is liicLsed al \:>M uA. This yields a dc resis- 
tance looking into Uie emitter of 217 ohms. At full-scale out- 
put, the dc emitter euiTenl is 10 Jii;\, reducing Ihe resistance 
to 2.(5 ohms. This Una! resistance is in |>araliel with several 
j>arasitic loads { t'^ig. \S))^ Among these |>aiasitic loads are 
tail's output eapacitanee* Ql'seoUector l.nas network, the 
t>iU'asitic capacitanee cjf the printed ciix'uii board* and the 
capacitaJice of C)2 s liase-emitter Junction. Al high .signal 
levels. Q2s inpUl lesisimice is |<iw, and essentially all i>f QPs 
<nitt>ui current is delivered to the desired lt)ad, At low signal 
levels, Q2's inj^m resistance is lugji, mid the parasitic ele- 
ments tend to shunt emTent aw^ay from the desired load. 
This variable current shunting degrades the linearity, so 
goi?(.i lincaiity retiuires that these parasitic elements loatl the 
drcirit as little as possible. 
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Fig» 19, LuiMnr i]<Hi't iMf nrjuiwifi-ni I'in Mil 

Ql/s output ti^pacitaiift^ is iiiiniiniztHi by iisin^ a common 
base coiiftguiatioii. AJso, ij inkrowa\'e transistoi' is used 
be<*aiise of its low rapacitanee. Tlie loarl impedanee of lite 
rolleclor bias netvv^ork is niaxinii^eU by carej'iil tk^sign (jJ" Uu* 
biiLS nelwork 'ITie piiJilRl riirnit boaifl biyoiit is also 
ciucbiily dt'si;Jiu*(l Ic) niak(^ lUKlal raparitancv as Hiiiall as 
p<>ssibk* wirliuiil sarrifli'iiijj tiianufaclumbility. 

The sek^rtioM t>f ihe ri^bt tmnfjisior for Q2 was perhaps iht^ 
most critical coi¥ii)<merii tjf Hie design. We otH'dcfi lo use a 
inicrawave tratisisior to get the km jututioit capaeitatK e we 
wa II! e ( 1 . We ii et^t le (I t w o t i » j igs i Vo n i il i i s t ni 1 1 s Lst r m a I ( ) w 
base-eniitter catKK'itaiici'^ and, iJ' possible, a rapaiiram-e Ihal 
decreases liticaily wilb rlccreasJug cnllcrTor euncnt. We 
wanted tliis relationship hcrwcen c^apaeit^nce smd ciinent 
hceaitsc if capaeitanee decrf^ases linearly witli curiTnt, I hen 
that capat itance will no! Uegradt: the rleteetor's linearity. 
This is because ib(\inncrions capacihve reactance will in- 
trrcEise iis its resisfancc increases, and I he IVactiot^ of currerU 
''stolen" by the capacitor will not vaiy with signal leveL 
Since litis sbiailiii^ efre<1 is indeiienderiT of signal leveh it 
will nol degraile lineai ily. 

It rarely hap|>ens. \mt s<»nietimes semirondncKu' pliysics 
(ii'cides to give yiai jusi wliat yrxi'd like. This is one of tlios*' 
eases. To a fn-st -order approximation ibe base-emit icr ca- 
{jacilance of a bipolar ti^isistor is linearly proi.iortloiuil to 
bias ciinent. at least at nnKleraie current levels. Even he!ict\ 
wt^ coiikl easily extraci this information from a transistors 
riataslieet mneSn l^ow' bast'-etnitter capacitance is roughly 
c(|uivahnit to high It Itratisilitai frequency). A capacitance 
taoijoriional to l>ias current will reveal itself as a cnn^e of It 
ttiai is Oat versus bias cunvni. Tbeory suggests, and ext>eri- 
nu'til di inoJislratcd. that diebesi detector timtsLstors are 
tbr>se thai have a high ami relatively consiani trover iheir 
entire (Jfjeratiiig current range. L'nfortimately, most micro- 
wavt^ trajisistor data sheets do not give ff eiin'e.s over the 



100:1 niiige of bias currents that we wanted. Fortmiafely for 
us* we have a lot of daia ix>oks and found some microwave 
traimstors ihai met our needs. Xs expeiie*!, the transistors 
with the best Tt coi-\es \ ielcieit the nit>st kneiir detecfors. 
Topical Uiiearitj' error for I he detector we selected is showTi 
lit Fig. 2a 

The detectors output ciirrent flows across Rl, genei-ating a 
i-volt dro|> at the inaximnnt input level. Since the other end 

of Rl is ticfl to the iS-\'oh supply, it is ne£*essar>' to use a dif- 
ferent i;d ainjihner to reference the sigiiaj to groiiiuL A sim- 
pler approach would ha\"e been to rie Rl to ground instead 
of +8 volts and to tie ( Rl s cathode to S volts. This w ould 
have eliminated the need for a differential amphfier. But this 
wf>uld have made it dinitruh to achieve gimd pulse fidelity. 

Achieving good pulse peif onntmce can be hard e\'en with 
notninally linear circuits, but it is i>articularly ditTicnlt ro do 
with inhcreiuly nonlinear ones like detectors. These circtiits 
can exJiibii ovet^hej<itj droop, t)r both on any time scale 
(microseconds to set^onds) if Uieir bias networks are nol 
deslgnefl correctly. If the bias networks exhilili signifieant 
impedance at \irtnaijy at\v frH|uency below hundreds of 
MIIz, the bias voltages ui the detector can vary \\ith the 
input signal, causing imperfections in the detector transient 
response. For this reason it seemed risk^^ to try to build a 
good etuaigli bypass net wot k thai i'onlil have i>resented 
C R 1 's cat 1 tod e v\ i I b i n i i IV anil y low i m j j et la i ict^ ac ross a ! iroat 1 
rrei|uency range. Rather than accept this risk, we chose lo 
ground CRTs cathode and accejit the com|jlexity of a dlflet- 
entiai amiJliHer to recover the detected voltage, 

Tlie <h£ferential amijlifier is integrated u idi a low-pass Oiler 
that re n i o ves t he .1 2 1 . 4 -Ml Iz ( -o ni[ m a i c 1 1 1 Ire > n 1 1 lie h cdT wa\ e 
icctified vohage across RL This is an c^lipiic low-|>a.ss filtpr 
with a 2[)d-M[lz corner freqiiency. Even though elliptic filters 
have notoriously poor pulse response, we can use one here. 
We can do this because of the bandwidth limitatirm impos(*d 
nti rlic in|Hil signal by the IF module's bandjiass lllters. The 
eltipiic filter's iyatidwidib is [our I inu^s liigbei iban the cf fee- 
live ])ost detect ion b;indwidtli of the IF nuKjules re,s{*lutiiin 
ban*h\idth filters, Sjiu^e these filters prevent die higher- 
frequency components frtim reaching theelliptit' filter, only 
vei^ low levels of ilnpjing are olisei'\t*d in flic* di^tected ont- 
jnit. We were able to demonstrate this by siuuilating the 
[Hilse resp(mse of the resolution Ijiuid width filters cascaded 
with au ellijitic^ fletertor filter. As a result, we avraded lite 
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nfied for a more complex Tttil-wave rectifier with its inherent 
carder suppression* 

Standard IF Outputs 

For direct coiutt'c'iion to { ninnuMTKi! (kniuniiilaturs a 
70-MHz or 140-MJk IF output is retiujrvil. rhc HP 7UU! J A 
offers either or both of these oiitpLiis as options. 

A siniplified hlcK'k diagram for tiicst^ options is shoi^ii in 
ng. 2L Both dowii-r(.in\ eiters use the 'J21. l-MIIz local r)scil- 
lator circuits ((li\scri)H'(l later). ThiH dt^si^n lias a \^('(> f lining 
range yiifficii'nl for In^th drmimonvTitcT^, The U > tVrquiMny 
for the 70-MHz down-converl cr is IMHA MHz and the L( > 
fretiuency for the 140-MHz down-converter is 46 14 MHz. 
These li) .sigiuds ttre apjjhed to a mixer which ha^ siaiie 
biifii-riug in Troni (jfit and is hiihiwrd Uy an opti(jrial filter 
aiKl mi iniii)lif1er Image rejection fillering is not part ofttu^ 
design since it iH;Ls:>unied th^t the vanat>le4unidwidtti filters 
are in the ni>streani patfi. The onlpnt fiHer is used lo eonfme 
the output bandwitilh to a specified amount. 

The same basic design is used ff>r Ijotli down "Converters. 
Th(^ key tlifferen^e is tliat in the 140-MHz design a patl IVjI- 
lows the niLxer, whereas in die 70-MHz design there is a 
(]i|:>lexer at the mixer output, which | provides a good out-of- 
i>antl hiipe dance match. The 70-Mllz design has also t)een 
inatie available as a special option for the IIP 859XE Series 
si)e( Inini analyzers. 

Channel Filter!^ 

Tlu^ t-hanne] fill* I's option providers an electronically switcli- 
nl)le bank of live ljaiui|iass tillers aud variable giiin that ciin 
be used at 70-MHz, 1 lU-Mlk, or KKJ-MIlz center frequencies. 

Tlie input of the board goes to each filter cell titrough a 
series of GaAs switches and weli-is4>lated stripline SO-olun 
printed circuit boaid tiaces. The cells are huge enough for a 
stand aid-size print t>d circuit l>oard-mounted f\]iv]\ The ma- 
chined aluminum sliieUl has iHickels <ui die bottom to keep 
the signal i>ins of the llUer isoUiteil from each (it tier. There is 
also a through path available for bypasshig the fdrers. After 
tlie switching network, ihere is a [i-i ji diode attemialor I hat 
allows continue HLS eIectroni<^ amplifu<le control. Next, tliere 
is a hig!i-d>iiiunic-rimge, wide-ltcmdwidtli ainphlier. The am- 
plifier also providers temperature ctjm])ensation for iJie gain 
of the boiiTtf Tlie t:ompensiUion is done by using a themiistor 



to vary the cunent in a j>-i-n diode w'hich varies the emitter 
degeneration impedance with temperature, 

Tlte excellent isolation, wi*ie i>jmdwjchh, imd variable gain 
make the channel filters a f1exit>le option tt>r any of the 
standard IF outputs. 

FM Outputs 

The FTVI discriminator generates an output voltage that is 
linearly jmipoitional to the frequeiiey of the input signal It 
is used \<i ileiuodulale w]d(4jaud fretiueucy mcKiiilatXMl sig- 
nals such as those found in siileOile television links or chir|5 
radio's. 

The key perfonrtanre s|)ecifi cation for the FM discriminator 
is lineaiity. Ideally, tiie frequency-input-to-voltage^>utput 
transfer funetion should be a straight line. Our goal was to 
make die maxinunn error from a si might hue less than 1% of 
tlie tull-s( ale output across the 40'MHz deviation riuige of 
the deuiodiilator. I'he lechniijues used in this design were 
driven primarily by diat go^il. 

Many ditTereni tyijcs of circuits have been designed to do 
FM demudulation. There are KosttT-Seely dist'rinihiators, 
ratio dete< 'tors, [)hase4f><'ked fUid trequeiiey-ttxked di^nodu- 
lators. mu\ slope detect oi^, Digital lerbru(|ties, whirh count 
the zero t rossings <jf the input siguiil an(i extract the fre- 
ijuency informati-on mathematically, offer tJu^ promise of 
the lughest linearity. These tec imiques ai'e used in the 
HP "):t71A," the HP 5;M)1A, ;ind other moilulation-<ioiuain 
analyzers frtmi Hewlett-Packard. AJ though they achieve ex- 
cellent linetu'ity, these products me large and ex|>ensive mid 
ceriainly w(Hild not fit on a single 4-inch-by- 7-inch card in 
the UP 7091 1 A. VoT these reasons, it was necessary to pur- 
suit a rliffenMit ap^jroaclh 

Tvi'o mialog demodulators seemed to offer the best potential 
for high linearity across a broad band: a pulse count demod- 
ulator ant I a lime-delay distTiminator. A pulse count demod- 
uialoi (Fig. 22) generates a fixeddeugtb oulpul pulse at 
ever> Ken» crossing oftlie input signal Since bigber-IVe' 
quency signals have ttiore zero crossings, I be tnitput pulses 
occur more frequently. As a result, the de average value of 
the output pulse train is higher for higher-frtuiiiency hiputs. 
The low-pass filler placed aft en be pulse generator filters 
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out the carrier frei^uenry oompoiient of the pulse train, leav- 
ing a dr value linearly proportional to the input freqiieiicy. 
This linejir conversion of input frequent y to outt>ut v(3ltage 
is just what we ueedecl to build a huear discruuinator 

This t>i)e of denioflulator ran be inipleniented ver^' simply 
and inexpensively by usmg a retriggerable one-shot timer to 
genei'aie the ompiit |ujbes. It does. howe\en have disadvajv 
tages in our applieation. F4*r one^ very uiutow (luls^s would 
bo required to niake this work at 321.4 MHz. Also, tiiese suit- 
pip one-shot timers tend to have noisy outputs because of 
\^ariations in the width of the output pulse. 

A time-delay disiiittunator works by converting the hi|)iit 
signal s frequency modulation into phase modulation 
(Fig. 23). A ilelay line delay ^^ the in|>ut signal by a flxi'd 
amount of thue. A [jhase detector on the delay line outj^ut 
compares tJic phase of the input signal agauist rhe phase of 
the time-delayed version of the mput. Since the phase of a 
liigh -frequency signal chiuiges more rapidly than the plutse 
of a it>w-lieqncncy sigruif the pluise differetice heiweeu the 
two inijuts lo tlic phase dH eel or will increiise iinerjrly wKJi 
be(iuen( y. Tlu* tjutput voltage o\' the filiase dftector is pn> 
[lortional to this t*htise differ4»nce and ttms, proportitnuil to 
the frequency (jfthe input sigtiaf TVpieally, I he letigtti of the 
delay liiif^ is el^iosen so I hat the signal will be delayed HO de- 
grees a1 Itie center frequency of the discrimir^ator This gives 
zero volLs dc outjjul at the cent^'r fretjuency and centers the 
oultnn in lite middle of ihi* t^hase detector's tnmsfer funi-- 
tiiin. This iuhereinly linear <ouversioii of rrf4]uency to phase 
setmetl to make dtis lyt)e t^f < iicuif a logital caiKiidate ffjr 
our applicatioti. 

However, litis type tjf diHi^rirninator posed two potential dis- 
advantages for our application. Firsl, I his discritninator is 
inh(*reirlly limited in the maxiuunu fret|uency devjaiioji ami 
the maximum modulalion rate it ran luuidle. IVjrieal phase 
del ectoi^ only behave weO when die jiltase dillercftCi* t>e- 
tween the inputs varies by less than 180 degrees. Because 
phase tlilTcFencc is proportional lo input Frequency, the max- 
imum frequency deviation the diseriminalor ran handlt^ is 
limited. Also, the sensitivity itilierently rolls offal high mod- 
ulation rates. In other words, as the ijuml fretjueney slants to 
\ ary nif >re quickly, Itie level of the demodujated otitinn will 
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Start ta drop. The longer the delay line, the lower the modu- 
lation rale at which tliis wilJ occur In our case, we need to 

demodulate broad frequency deviations and as a result the 
maxinmm delay line length is limited by de\iation require- 
ments and not mo<lulation rate neetls. 

The second disadvantage of the tinieKielay discriminator is 
based on phase detector charati eristics. Our high IF of 
32 LI MIlz would suggest using a double-balanced mixer as 
a phase detector Conventional double-balanced mixers are 
designed to work with a sinusoidal RF port dri\ e. Tlve result 
is that tiie mixer output voltage varies sinusoi dally wixh the 
phase difference between the lA) and rhe RF waveforms 
(Fig. 24). Tlierefore, it is only linear if the phase difference 
between the Input sigiuiJs does not vwry much from U(l 
degrees. Since we wantetl good linearity that meant a short 
delay line. Unfortunately, the shorter the delay line, the 
low^er the sensitivity of the fliscriiniiiaior. Short delay Imes 
mean low phase shifts iuul therefore low output voltages. 
For good signal -lo-noise ratio, we wanted to tnaxuiiize the 
tinu^ tielay. 

A double-balanced mLxer has a suiusoidal transfer function 
because its RF input %x>ltage is sinnsoidaf Ideidly if its in- 
puts are squme waves, the trajisfer fuirt titvri would he linear 
over a l8(J-degi ee range. However, generating vei> fast 
square weaves is hard, attd the nuxer wouhi need a vei^- 
broadband decoupled IF to work welL Fortunately, thej^ is 
a iy\w of double-balanced mixer that meets these require- 
tnents: the exclusive-OR gate. An ideal double-baltmced 
mixer generates its IF by inverting the RF wavefonti when- 
€*ver tlie iimplitude of the L(.) crosses zero (Fig. 25). Tills is 
exactly what a digital exi^ltJsivt^OR gate does with logic-level 
inputs. Thus, with this charatieristit* an excJusJve'OR gate 
can he used as a <ioublc-balau<'ed unx<'r 

Because of our high IF ^md lu-oad frequency range, we 
tieefied lo use very fast logic ( irtnitiy if we %vanlefl litis to 
work. Mt>torola's ECLinPS Lite fmnily of innitter-coopletJ 
logic tunied out to be perfect for our application, lliese 
logic gates crime individually packaged in eighl-jnti small- 
outline ICs ami feature rise t ijues under -100 pirost^conds. 
The fast, square pulses generated by this logic ^ire t^erfect 
for making a very linear phase detector 

Wlwn logic gates are as sniiill and fast as Ihese, it's only nat- 
ural to use them wherever you can. In the end alniost all the 
fimctions on the board includutg limiting amplifiei^, mixers. 
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Fig, 2S. Exclusive-OR tmnsrer fiiitc'U(>]L 

and i>lia5e cieleclors were iMipienieiUecl usiii^ tliest^ RF lo^ie 
gjties. Because of the iiaiure of MVl mcjcliilatioii aiKl (ieniDrln- 
lation, logic pails wtnk well in Iregiiency iniHliilaiii jn 
apijlicmtions, 

Fij^. 2(> sliows a bIcK k (fiaf^raoi of the FM disrnminiUnK The 
32Li-Mnz inpiil is NjipUi'd lu a hniiting antpliller. Tlu* limn- 
ing anii)liOer is a high-^ain stage thai tiuns the uKoming FM 
sine wave Inlo a cojislanMevel frequency niorhilatiHl f5{mare 
wave. Ciiven thai ouj' Hignal ijrocesKing isdorK^ wiih logir 
parts, vve obvioLisly neptietl sonietlung like I his in ['un\eii 
the input hito EC'L levels. 

All ideal FM demodulator Is insensiiive m uiiijtUiude in<Jihi- 
iation of the input signal Tiie output voltage should ntjl 
change at all when the input aniplhude viuies. Liniitiiig ajn- 
plifieris aie used to achieve this. They iiave higli ^aiii and 
clip the level ofthr^ uitt]Mii *?ignal ai i\ predefined l(n(.'L r)m 
hunting aniiilifiers uw inif>leinenled wiili EC 1, lini- leeeivers, 
which are dilTeteiUial-inpul high-gain lunijlincrs wiili KVL- 
level ontijuts. Their high gain and hard lintiting^dlovv ihe FM 
tiejuodulator lo work picjpcrly vvilh inputs as low as-^^0 dBm. 

Tlie ouipui uf die iiuihing ainpltfier Ls a square wave wiih a 
ntjunual eeniei IVeqtient^y nf 321.4 MHz. Tliis Is tuixed 
againsi a 25r)-Mllz U 3 tcj a lower frequency of 71.4 MHz, 
where rhe aetnal demodulation takes place, Originaliy, tlie 



jiUeiit wa** to iUy rhe demodulation al 32 L4 MHz. As we bet- 
ter uuflersl (Hid tlu* prol)lenis we faced in tr^inf:; in at hieve 
good FM hnearity. it became clear thai using a lower fre- 
tiuency woul<J produce better results* AI a lower frequency* 
the period (jf the IF is longer. The rise tune of the pans used 
does Jioi chaiige. so overall tlie square waves are "stjiiaren" 
f hn anai.vsis of Ihe lime-delay discriniiualor showed thaf it 
was perfectly linear, but this is true only if the stjnare waves 
are perfect. 

Tlie use of small surface mount logic pajis enabled us to 
design compact L() generation and fretjueucy con\ el's ion 
circuiljy. The 25U-MIlz L(J is deiivcd from die :J{)U-MHz ref- 
erence frt^inency a\'ailabk> iji the 1 IP TOJU lA. Tlie :JOd-MHz 
signal is con\ei1ed hj ECL ievc^ls by a limiting amplifier. The 
3(K)-MHss reference clocks a prescaler, which di\ides the 
hi|iul fretjneiu y by six to tirochice a riO-MHz onlput. Tlie 
:iiKJMUz ami 'iP-MHz ECL stjuore waves are I hen applied in 
the inputs of iin Et'L exchisive-OR gate. This j^ate perfonus 
as a double-balanced mixer, prndi icing 25tJ-Mf b and 
350-MHz (airjnns. The 250-MHz oul[>ut Is selected by a bi^ind- 
piiss filter. This filter is ac cou|(led, sn a limiting tuuplifier is 
placed on tin* output to cmiveil Uit^ 250-MHz LU baek ttj 
E(L levels. 

The 250-MHz U) and the 32 1.4-MHz hMrd-Iinuted inf>nt signal 
art* thtHi apphi (t to anoUier exclusive-OH gate. This gate Ls 
jrdso nsetl as a dnnble-bahmced mixer, pnidncing out])uts at 
7L4 Mlh and 571.4 MHz. The 71,4-Hz oiitput is selected with 
a lrm-i>iLss filter Tbt^ entire L{ ) synlln'sis and frequency con- 
version cirt nitry oeent^ies only A in-. 

14ie use nf exelusive-OR gates and square waves, as opi rased 
to tra(iitional diode mixers and sine waves, has a surjjnsing 
ct)nsequeuce. As noted earliei; a oudiltoi^aJ diode mixer lias 
a sinusoidal phase-to- voltage transfer cb miracle list ic. As a 
Jesuit, the IF out of an ideal diode ring mixer with sinusoidal 
inputs is LIU other suie wave. In contnLSt, the logic level mixere 
we use here have a triangular transfer ftnu lion. As a result, 
the IF ontpui of ihes<^ mixers is a irianguhir. rather tlum a 
smusoidal wavefbnn. In our ease, we don't Ctue whether if s 
sinusoiilal ur triangulai, because we innnediately cuineil 
the IF to a square wave with another limithig amplifier 
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Tlie 714-MHz IF is nexi applied to the discdnutiator cir- 

<num\ The FF is apjiliecl i<> a spetnal ECL cable driver IC 
which proiiutes EC Lr^Tipe outputs that have a larger tJiaii 
usual voltage swing. Tliis large voltage swirtg allows us to 
place a series SCMjhm rc*sistor o\\ the output, cutting llie sig- 
nal ampUtude in half. The resistor increases tJie output im- 
petiance of tJie gate to an>unfi of) oluns. wliich tiuns tnit to 
be crucial to achie\ing gocxl dis^-riniiiiator liiiearily. 

The outputs of the cable driver follow two difTereni paths. 
One output goes directly to the input of iIh* [ihasi^ tletector. 
The other output goes to a delay line. This delay hue is a 
lO-iU'kjng 5<)-ohju stripline trace embedded in the niiddle of 
tl^e printed circuit btjard. Numerous bends aiid lunts 
Stjueeze it into a l-in-by-3-in area. The boar^i* made tail nt 
HP FR4, has a dielectiic constant of about 4.5. yielding a 
'J.o-ns delay. This delay produces a fHKdegree phase shift at 
the center frequency of 71.4 MHz. 

The delayed and undelayed signals now meet at tile phase 
detector, which is another exclusive^-OR g^lv. The sfiuiire 
waves are applied to the higit-impedance iiiiiui of Hie ijiiase 
detector tltrough a 50-ohm nialching pad. The attenuation 
value of this pad is critical to good dis^criniinator Uneaiity 
As mentioned t^arlit^i, gt>o<l stiuare waves are crilicd for 
good FM linearity Tlie aMenimiioti value < liostvn strikes a 
bid at ice Ivetween l%vo "de?iqtiariug" luet^hcutisnts. 

if the attenuation value is smalls the delay line output will 
not be isolated frorii the 1-pF input capacitance of ihe jihase 
detector. This capacit<»r rlegrades the return Ifjssof the 
delay line s load. Wh<^n a pulsi- emerges frrnu the (ielay tine 
output ami hils a |MHir imta'daiice mairh, some of the pulse's 
euerg.v is relle^Heti l>ack into the delay line, ll then travels 
l>ackwai\b through the line to emerge at tite delay line iJtput 
:l,5-ns later. W\\im (he pulse reenierges hon\ i1 hits tht^ tint- 
pui of file (able driver This incidi^iu voltage ilislurbs the 
bias of 1 lie cafjle drivi-r nutput tnutsislors. and as a result 
causes dishirbiu ices iu the shape of the new sguarc wave 
that the cable driver ts t tying to generate. I1ie degraded 
shape of the stjuare wavi^ degradi*s Ihe F'M discriiuinators 
linearity j\s h lunis tvul. tiiis effect is worst when the re- 
flected pulse atTi\'es at the cable driver at the eclgt* of a new 
pulsi*. I tdbtlunately, this itilierently occurs at the fr(*(tiK^nc^v 
wiiere the delay line has Hi) degrees r)f plutse shift — dghl in 
ihe ceultM of the ]jassl)aud. This cffec! is seen as die linear- 
ity rifiiJle hi the center of the passband (Fig. 27J. 



The way to minimize this problem is to use a matching pad 
to isolate tlie delay line from the capacitaitce of the phase 

detectors input. Tlrie attenuation can only be so large be- 
cause excess i\"e attenuation intrcKtuces other problenLs. The 
attenuator reduces the \oltage swing to less than ECL lev- 
els. As a result, die pliase detector nuisi provide gain to pro- 
duce ECL levels at its output. Tnlike the ECL line receivers, 
diese exchLsi%e-OR gates ha\'e a relatively low gaht of 12 tiB. 
So* with low-level mputs. the output puLscs of the phase 
detector start to look le?^ st^uare. This iitanifests itself as the 
broad, slow droop in the lijiearity ciir\e. In the end, an atten- 
nation value of 4 dB was chosen as a reasonable compro- 
mise beiv^een these two linearity degrading mechanisms, 

bi the frequency^ domiain* the phase detector can be thought 
of as produciitg a dc voltage proponional to the phiise differ- 
ence betw et^n its otilputs. IxKikitig at it in the time domain is 
also interesting. The two hipttts to the phase detector are 
squiiie waves with a rixe<l time delay of 3.5 ns b*^iween 
them. As a result, the phase detector produces output pulses 
of fixed ;3*5-ns widtJi. As tJie input frequency changes, tJiese 
pulses occur tnore frequently, hut the pulse uidth remains 
the same. This is also exactly how the pulse couut demodu- 
lator woi'ks! So as it turns out, by using a linear phase detec- 
tor our time delay discriminator tunis oiit to be equivalent to 
a pulse c ount deniodtdator. It w^orks as well as it does be- 
cause iLsiug a delay line to fix the otiq>ul tuiLse width is more 
stable tlvcm the RV time coiistant of a siiopler implementa- 
tion. 

The iiliase detector outputs are atiplied pi lr>w-pass filters to 
retivove tiie ac component of liie pulse train, Tiiese filters 
have a 12-Mlz bandw^idth that sets the maxiinunt fretjuency 
modulation rale tiie discritniuatru cmi ivsptjnd to. Since the 
phase detc^clnr has differeinial outputs, a differential amt>li- 
fier is usecl tifter the filtei-s The differential iunplifier re- 
moves Ihe dc offset inherent in I be ECL Unel output of t!ie 
[iliast* diHector. Purifier gain afier Ihe differential tmiiJliner 
is used to give a i-voll swing for a I()-M1 Iz diange in iu]Jut 
frequency. The maximtiin frequen* > de\ iation the FM dis- 
criminator can handle is liiiuted by the drivt^ capal)ibiy of 
this amplifier, rattier I ban the discriminaKjr circuitry ilsetf It 
has lieen verified exjj(^rimentally that tlie discriminator will 
respond to as much as I Of) MHz of de\'iatiDn with essentially 
noiifiegraded linearity. A swiir liable amijjifier provides a 
bigher-sensidvity setting, giving a 1-volt swing for a Id-MHz 
trtH|Ui*ncy change. 
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I-Q Outputs 

file I-Q dowiKcmverier (Fig. 2H] recovcM-s the in-i)bas€^and 
quadrature c-ompouetits of the input signal. The IF input, 
with a nominal center frec^uency of '12 1, i Mllx. is mixed 
against a ^32L4-MHii local oscillaPir, This creates an IF ^^ itii 
a no mind center frequency of zero hertis* or dc. The output 
bandwidth exten<ls from - m MHz to +50 MH?.. 

The ininil signal is split into two paths. Eac*h of these pat hs 
goes to the HF t>ort of a mixer The 32L4'Mllz LO is api>lietl 
to the L( ) polls of tjoib mixers. The IJ ) input to otie of these 
mixers is sKified by 9b degrees. The IF outiJULs are low-i>ass 
filtered tf» reittove tlie image Innjia^ncy, then antphfied and 
sent tf» the front [lanel of die MP TfMll I A, 
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3ZT,4'MHz LO. The 321.4-MHz LO i>ro(l[iC(\s h syntliesjzed sig- 
nal fhiJt is lo<.kerl to tJiP 300-MHz ipffn^ru <* sit^nnl and Ipvel 
stabilized (Fig. 29). The U ) has a VCU j i.liat ruriN ai. twice l he 
output frequency (642.8 MHz). The resuson for running at this 
frequcne>^ is based on tJie avaiiahility uf a fiOO-MHz-lo- 
lOOO-MIIz vex J design that, has ijroven lo have goorl phase 
noise and has been in vi^e for sortie Ihne. The VCO out pit I is 
buffered and split ijito two paths; the iiuiin signal [)atb and 
the phase-loc:ked loop path. The i^hase-locked Icjop pafli 
goes from tlie splitter tcj a t>ad-ainfifi11er-])ad conibiiunion to 
maintain reverse isolation from rlie presealen I'he prescaler 
divides tfie M2..^MlIz signal by 32, 33, 36 or 37. The divide 
nunibej^ is controlled by an HP synthesizer IC that impli^ 
nients the fratlional-N division. The ouiputofthe synthe- 
sizer IC is e*]iial U} 300 MH/^KK) = 1,875 MHz when the VCO 
is phase- locked. 1 tii.s signal gfies to one input of a phase 
detector. The i>hase detector otttput is low-pass filtered^ 
summed, and fed to an integrator and h>op nher. This i.s 
where the synthesizer lC\s Jioise is filtered. Ttie noise conies 
from the method of fractional-N synihesis used in die \C. 
This noise is designed to be well outside tile few kiiolieriz of 
bajidwidth of the phase-locrked loop where it b easy to filter. 

Tlie main signal f>ath goes from the splitter to a divide-by- 
tw^o IC. This is an ECL part that is biased in the middle of its 
threshold to allow for ac- couj>ling of the 642.8-MHz VCO 
sigiuil. The output of the di\ider is 32 L 4 MHz which is dien 
input to iin amplifier and resistive splitter. The splitter out- 
puts are fed to the last gain stages of the board. These ampli- 
fiei^ are run well into ctnnpression to get. a const^mt output 
power. The ampliller outputs are combined with a 3-dB split- 
ter/conibiner ^md then aggressively low-{>ass flltercfJ to re- 
ject the harmonics yiro<luced by the limiting action. 



Fig, 28. 1'Q derii-jiliilahjr hlork 
diagraiti. 



I-Q Down-Converter. 1\vi> key performance specifications for 
an 1-Q tleniodulator ;:ire amtjJilude bitlance and phase bal- 
ance. ^\mplitnde imbalimce is the gtiin difference between 
the I and Q output ports. IdcEilly this gain difference should 
be zero across the 100-MHz input bandwidth of the demodu- 
lator. Phase imb^ilancc^ is a measure of the eiTor in the phase 
shil't between the 1 and Q outputs. Ideally tliis i)hase sliift 
sluvukl be yt) degrees across the input bandwicitli. 

The amplitude and phase balance of the demodulator ai'e 
both factory aryiisted for best performance. Variable p-i-n 
diode attenuators in the I fmd Q RF t)aths allow the gaui of 
the t^v^^o clumnels to be aclJiLsted indet^endently. The 90-de- 
gi'ce r>hase shifter on the LO is also ailjustable and is used tf) 
aligj\ qua<lraturt\ These acyust nients tUlow us to ahgn the 
c It an nets very closely. The mixers used are purchased as a 
mak'lje<l set, willi specified gain and phase matching acrt>ss 
our|);Lssl)aruf 

Tlie difficull part was maintaining this balance across tlie 
entire HKl-MIIz input bmidwndth of tlie demodulator. If the 
frequency responses of the two clumnels differ even sligliOy, 
amplitude and ijtia.se balance will be degraded* F'or this rea- 
son, we tried to miike the two channels as synnnetJic al a.s 
possible luid as flat as |K>ssii)le. The j)nnted circuit board 
layfRit f^f the RF paths for both channels is identical so that 
miy boaid paiasitics w^ ill he the same for both chaimels. Tlie 
IF circuitry wiis designed to he as broadband as possible. 
For exann)le, the IF low-pass filters have a comer frequency 
or 1 75 MH'/., even though they only need to t:>ass frequencies 
as litgli as 50 MHz, The comer frequency was jr^lacc^d this 
high to minhiiize the Filter's phtise shift in the riO-MIIz pass- 
hand. Our IF ajuijlifiers are fai>t op inni>s that provide over 
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200 MHz of bandwidth. Tliese op aiiips arp ako used lo 
fiiniiniize tlip pluise shift in tJic^ 5f)-MMz t>a.ssband. ITflH^se 
piirts have significant phaiii* shift, then then* are likely la he 
significani pliase shift different t\s l>enveen the tv^d <-han- 
neLs. aiid pJiase balance wU] be degraded Ri^presentalive 
]5erfnnnanee for the I-Q demodulator is shown in Fig. ^10, 

To at liiene the best ptiase balance across our bandwidth, an 
aflJListahle all-p^Lss filter is used on the I-chminel fiiiljiiit. The 
phiLse shift \er-sus frequency of tins circuit isatyustafjle. It is 
iist^l to conitjcnsate for niismatehes Ijetween tlie chaimeb 
in ph^ise shift as a function of outpul fre^juency. 
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The Log Weighted Average for 
Measuring Printer Throughput 



The log weighted average balances the different time scales of various 
plots in a test suite. It prevents an overemphasis on plots that take a long 

time to print and allows adjustments according to the expected user 
profile weighting. It is based on percentage changes rather than absolute 
plot times. 

by Joliii J. Cassidy, Jr. 



The IIP DeskJet 1600C priiiter is designeLl lo he ust^l Tor a 
variety of documents, from simple memos to (Tmiplex eolor 
graijhics. One of the main characteristics on whieii the 
piintcr will be jut1gi?d is throughpnt. We i\ ceded a way to 
mcjisure Ihroughpnt a<Toss a wide range of ] dots I hat woiild 
reflect a tisci's snl)jeciive perception of the ijrodiu't- 

The two most common metrics — ^simple average and simple 
weiglited average — had serious problems when applied to 
the dis].>arate plots in om' test suite. A simple iuid common 
matluMiiatical (echnitiue was used lo overcome these irrob- 
letns, resulting \n a tiuiric called Ihe fog iveighU'd urvnig^.. 

This paper exjilains how to calculate the log weighted aver- 
age, and why it is a goofl metric. 

The Problem 

We u^t^ a stmulard set of plots to measure the speed of tlie 
HP Desk. Jet ir^OOC printer. For the sake of thi.s |!a|)er, 1 smi- 
plify tlie test suite do^^^l to four plots — we actually use 15. 
The actual timings have also been sintplified and are not 
accmate for any version of the printer iindei' developmejU. 
Tlie four plots are (I) text page* a nonnal letter or ruenio, 
(2) businesi:^ graplu(% some lext with an einljefided uui hi- 
color liar chart, (;3) spreadsheet with color highligliling of 
some of the numbers, and (4) seaimed image, a complex, 
full-page, 24-hil color picture. 

For a giveu version of t lie HP DeskJet 1600C printer, call it 
version -10^ let's say the time to process aiui inint each of 
these pages is as foikjws: 

Text page 
Business graphic 
Spreadsheet 
Scanned miage 



10 seconds 
20 seconds 
45 seconds 
10 minutes (.tK)0 seconds) 



There are various things we can do to the printer to change 
the speed nf each ol these \i\o\%. Oftert a i. hange will speed 
up one pint while skiwing dowii iiiKjther. What we tieed to 
do Ls conipaie alteniative possible version :3Js aiid see 
w^hich one is faster overall. 



Simple Average 

The .simple average is calculated by adding u]3 the time for 
each of the plots aJid dividing by the number of plots. The 
formula for this is: 

SijuiJle Average - 2Tj/n, 

where n i.s the number of plots and T| is the time to process 
plot number i. 

For versiou M.CJ above, the svun of the four tunes is 675 sec- 
onds which divided by foui' gives a simple average of 159 
seconds (rounding from l(iB.75). 

The problem with the simple average is that it gives equal 
imporiance in each of th(^ seconds spent on each oft lie 
plols. If a version -Ua saved five seconds on tlic scanned 
image, this plot would go down tVoni (5l)(i seconds to 5*^)5 
sec^orids and the user woukl barely notice. Bur if a version 
3. lb saved 5 seconds fiom the text plot, this jilot would go 
from 10 secojids to ^ seconds, t^vice as fast! Tlie user woukl 
be very, very happy with tJie t€*xt speed. 

Tlie simple average tells me that these two changes are of 
eqtial value. St.) if 1 am using this metric. I'll go for the easy 
chm\ge of speeding ut» the sc mured image by a little bit (less 
than 1% faster), instead of the much nrore difticult aird more 
useful speedup tjf tire text page (50% faster). 

Simple Weighted Average 

A etjitiuvun way to iminuve rhe simple a\'erage is to make 
use of the fact that we kixaw how ofteri lire user is going to 
print each type of plot ( at least \^"e make gf>nd guesses'). We 
know, for example, that someone in our target market will 
print a lot more simple text pages tlran complex scatmed 
giaphic pages. 

The simple weighted average applies a \^^eight to each of Ihe 
plots, corresponding to Ihe iirot)oitlon of time the user \\iU 
be ]>rLirting that t>pe of plot. In matlrematical temrs: 
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Simple Weighted Average 



I(T,W,1 



where Wj is tlie weiglit for plot i. If the W, add up to LO, the 
denoniinafor <:*aii \ye ignored. 

For the HP tJeskJet 1600C printer, let s say half of the plots 
\«y l>e like the text page. one^Mli like the business graphic, 
one-liftii like tJie spreadsheet, and one- tenth like the 
scanned image. Tliis gi\'es tlie foUowmg calc illation; 



Plot 



Time (s) Weight T^Wj (s) 



lexn Page 


10 


0.5 


5 


Business Gra[)hM* 


20 


0.2 


4 


Spreadsheet 


45 


0.2 


9 


Scai\iiefJ Image 


GOO 


0.1 


60 



Sum 



LO 



78 



Ttie simple weighted average is 7S seeomls. 



This metliod of eakuiation is tnnrh better than the simple 
average. It takes into ae count our knowleilge of the target 
jiuu'ket. and any average we eome ni> with needs to he able 
to do this. 

But there are still problems with this average. Say tl^al ver- 
sion 3.1a speeds up the scaimed intage by 5% (dowTi to 570 
seconds), and version 3.1b speeds up the text page by 5(Bij 
(down to 5 seconds). 

We know^ from otu- own experience that speeding something 
up from lU niiitutes to SJ,5 minutes is noi ver>' sigr^ificant. On 
the other hand, the 3.1b veiisiou. whk h uiakes I he most I're- 
quent task go twice as fast, wottld represent a vety notice- 
able imjirovemeiu. However itu* stni|ik* weighted average 
rales Lite twD versions ver>^ similarly, wilh tlie 3,1a winning 
(at 75 s) over the 3,1b version (at 75.5 s). 

Our siihjet live ex|)erience of time is such that we tend fo 
tuttice changes not in nbsohite sectuKls, imt in [}er("entages 
of time, A one-pereent speedup of any of the t^ategories 
wouid l>e imfiossible to delect witltfiut a stopw^atch, bitt a 
IweiUy-llve |>ercenT specfiup wrjukl lie dnunatic fur any plot. 

Criteria for a Good Average 

A good aveiaging technifiiie would have the following char- 
acteristics: 

• It is based on percentage chafiges. For a slion task, a small 
speedtip is signillcant. For a long task like the scamied 
unage. it takes a big speedup to make a difference. A goofl 
average would t^ot foeus on liow matiy seconds were saved, 
Liu I on what percentage of the ta.sk was saved, 

. It reflects user prollle weigliting. For tlie HP DeskJet 1600C 
printer we need to emphasise text speed, since that is the 
center of our market. But for another printer aimed at an- 
other markets tlie sineadsheet or the scanned image might 
be most intjioitaiu. The average hii.% to tdlow (ai luring. 

• It isinvariattt under a many-for-one substitution. Lf instead 
of one lext page weighted at 0,5, we substituted five text 
tuigcseacb wefghle<i at 0.1 info the calcuhition (to avoid 
di'l>ejuience on the unirks trf a single dorumentj, and ifeacfi 
(if the five text pages took tiie saiuo time as the original one 
( 10 s) to print, the average should tiot chEuige, 



Log Weighted Average 

Ttie h>g vveighJed average fiilfills the aliove criteria. Its gen- 
enil principle is to use a slandard mathematk"al teclmit|ue 
(logarithnts) for keeping large and small numl^ers on the 

same sctde. 

Thj? tom^la for the log weighted average is; 
Log Weighted Average = exp 



/ Z(ltiT,)W, \ 



where In is the nattirid logajitluu (log fo the base e). and exp 
is the exponent function, e to I he x. As liefore, if llie sum of 
tltewei^tsis L0» 

Log Weighted Average ^ exp(5!(lnT,)WjJ. 
For onr example, the calculation would be: 

Plot Ti (s) liiTi Weight (inTi)Wi 



Text Page 


10 


2,30 


0.5 


1.15 


Business (Graphic 


20 


3.00 


0.2 


0,(30 


Si>readsheet 


45 


3.81 


0.2 


0J(> 


Scatuied hnage 


(lOO 


(1.40 


O.I 


0,ti4 



Suju 



a 15 



Log Weighted .Average = e^^ 



= 23.4 s. 



One of I he first tilings you notice about the log weighted 
average (aside from the fact that il took an extra stej) to do 
the calculation) is that the resuh of 23 seconds is shorter 
rhaji the results of Uie other two cfUculations. The simple 
average gave 16t) seconds, and the sinifjle weighted a\^erage 
gave 78 seconds. Tliis is l)ecause Ihe more Hoptiisticated 
aviTagcs do a progressively better job of moderating the 
iitfluence of the very long lO-uiiiuite scatmcd image {ilo\. 
Also, tills example was artifititUly construcled with a wide 
Vaiialioji in t>lof tiiuf^s. Often we de;il v^ith plots tltal are 
more similar than tlusc. If the plots were vciy similar imd 
every plot in the test suite I Kid exactly the same timing, say 
30 seconds, then it \voukln't mailer which method you useii. 
All three methorls woukl give the same average: 30 seconds. 

Rule of Thumb 

The biggest drawback of the log w^eighted average is that it 
is k^ss Intuitive than the other t^^o methods. There is some- 
thing l>asically coiu^ferinliiilivc about using lo^ariihms if 
you aren't a i>rofessional mathematician. They lend to tlnow 
off our mental approxin^ations of what is reasoiiable. 

However, there is a relatively simple nile of thuntb to help 
us know^ what to expect when doing comparisons: A smaU 
pefTentage rhangf* in ohp compoupiit Is equivalent to th^ 
mme pereenfaiie rkangf^ in another component, multipiwd 
bi/ the ratio between Ikeirweighis. 

In our example, this means that a snmll change in the text 
page (with a weight of 0.5) w^onUi be five times as important 
as a change in the scanned image (with a w^eight of 0.1), and 
two and a half times as important as a change in the spread- 
sheet rjr business graphic (with a weight of 0.2). Thus, we 
would expect a 1% change in the text page to be eqtiivaiei^t 
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to a 5% rjiaiige m the scaiuied inxage or a 2.5^^ change in the 
other two plots. 

This approximation is very close. A 1% speedup in the text 
page, from 1(1 s to 9. J! a, retiiues tfte overall log weighted 
average from 2-3.4 to 2:13 seconds. The e<;[nivaler)t rhaiige 
required IVjr one otlhe otiier ploLs to get tlie average da\Mi 
to 23.3 is showit in Table L 



Table I 

Equivalent Speedups (Small Deltas) 

Text page 10 s ^ 9,9 s = Kf)(yK> faster 

Business Graphic 20 s ^ 19.5 s = 2,48% faster 

Spreadsheet 45 s ^ 4:3,9 s ^ 2.48Wj ftister 

Sea] n led image 600 s -> 571 s = 490'Kj faster 

As diyjiges gel bigger, dic^ rule of thumh f>e( omes less acrii- 
rale. If you make a big rhmige ii^ one of the ( omponents. 
like speeding up the scanned image by 40%» you stray farther 
from the expected equivalent speedups of 2{M (half as 
much ) for the spreadsheet and business graphic, or 8% (one 
fifth as much) Ibr the text page. This change* brings tlie log 
weighted average down to 22.2 seconds. Table II show^s the 
equivalent speedups for larger changes. 

Table II 
Equivalent Speedups (Larger Deltas} 

T^xtpage 10 s-^ 9.03 s = 9.7% faster 

Bushiess Graphic 20 s ^' ] 5.5 s = 22^5% fast er 

Spreadsheet 45 s -^ 34.9 s = 22.5% faster 

Scanned image 600 s -^ mi) s = 40.0% faster 

The Exact Rule 

Exact ciUculation of eqniviilcnt sjjcednps for any situation 
using the lf>g weightet! average can be done using the fol- 
lowiug nile: Mufliplijltig fhr /ufi(\fhrmfftpi.fiintf A hij a 
Jff dor I' is f'(j it i i n le ul / r > in^fU q tlfji i ig ( •( t tupo in Hi B bjj i 
raised to thejnyuHrr Wj^/Wb, Urn mtio qfthe umghLs of the 
two eomponetits. 

For example, if we uniltiply tire text page time by 1.2 (slow- 
ing it down l.>y tw^o seconds), that w^ould raisi^ the log 
weighted average from 23.4 secontis to 2r) seconds. To gel 
an equivalent change by altering tlie scanru^d image lime, we 
would have to multiply il by L2 to the fifth power (the ratio 
of the texi page weight to thescanr>ed image weight is live), 
or 600x1.2'' - 1493. TIuls, by ctiaugiug (he scmined image 
time to 1493 seconds, we could also raise the average from 
23.4 to 25.(3 seconds. 

For very large changes in any of the components, the log 
weighted average gives results Uiat cran conflict wltJi intn- 
itioiu For example, speeding nt) the text page from ten sec- 
onds to one secontl wouki improve tlu^ average drEmialiciilly. 
Such a speedup is wildly improbable for the IIP DeskJet 



i600C prinier. but can be anticipated for some comparable 
printer to be developed in otn^ lifetime. 

To gel im equivalent imtirovement in tht> average by only 
chmiging the scanned image, we w<tuhi ha\ e to print it in 
600x0 J ' = 0.006 secf^nd (w^lnch pT'obal)ly violates some laws 
of physics). You can luse the exact rule to veiify that the 
same sort of numerjcal blownp results when you try to com- 
paie any i wo printei's that are gieatly dissimilai\ This is not 
a paiticular problem for us. Greatly dissimihu^ printers also 
have dissimilar weigliting profiles, and we don't know any 
way to compare them w^elL 

Usefulness of the Log Weighted Average 

The log weighted average is designed ai ound a user's subjec- 
live perception of piinter speed. It assimies tlie cohmion 
situation in which a user is working at a computer, sends 
something in rhr* printer, and somehow notices how long it 
takes to come out. There is also an assumption that if some- 
tliiug takes twice as long, the user is unhappy and if some- 
thing t:akes half as long, the user Ls hap]\v, ai\d the unhappi- 
riess in I lie Hist sitnatirai is rcjuglily ei|uivalem ui iutpusity to 
(lie happiness in the sec<md situatitrn. 

There are some silualions for wtvich this isa'l true ;iud the 
log weigivled a%erage is the wrong average to use. For exam- 
ple, you could have a tiriuter ui c^ontinuous use with no stop- 
ping ex<^ept to add paper and change pens. Tiiis might t>e at 
a real estate oftlce prodncii^g a laige number of personahzed 
letters ami envelopes each day luid a smallc^r niunbcr of 
scanned house pliotos. For a customer like this, the subjec- 
tive perception of sjDccd is not import^mt. l\vo seconds 
saved on a text page is no more important than two seconds 
saved an a s< 'minted image. Tiie simple weigliled average 
would be the correcl average U> use Uere. 

( >iu' success with this technique resulted from regular yppli- 
cation. On the IIP DesKJet KjOOC project, w^e limed the 
15-plot test suite twice a month. This helped lis quickly iden- 
tity and resolve issues tiiat luigiit otlierwise have caused 
[uobleius. 

Conclusion 

T\w log vs righted average does a good Jo!) of balaiteing the 
ditfereni dine scales of various pUit^ in a lest suite. It pre- 
verUs an nvere iiijjiiasis on plots I hat lake a long time to 
pfmU iuid aliow,s adjustment's according to tlie expected 
user profile. 

Tire main cost, of Ihe log weighted average is that ills less 
intuitive tlum other uietliods. Tlie nde of thumb and the 
exact rule iu e goo<l guides as to h<.>w the average will react. 

Tlie log weighted average has hmits, hut for comparing two 
rc^asormbly similar printers in a normal luinie or office en\i- 
ronment, it gives extremely tieipful results* 

Ac kno wledgme nt 

Thanks to Jeff Best c^f the San Diego Printer Division for iiis 
comments and discussion. 
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deveJopmg the tink between HP PE/ME30 and PE/ 
So I Ed Designer. He has atsa worked on kernel rfevet- 
□pmenl, blend and ctiamfer functionalitv, and a 
sheet-met si product. His work has resulted in a pat- 
ent nn a method for b^eniling thii edyes ul geoniBtric 
objects using CAD systems Stefan was born in 
Minden, Germany and received a Master's degreB m 
computer science from the Technical Univergrty of 
Berlin m 1990. His speciaf areas of study were digital 
innage processincj and computer vision, He enjoys 
playing saxophone and listening tojazz. especially 
the "coaf jazz'' styfe devefoped hy Miles Davis in the 
195Q's 

Karsten Opitz 

^^_M Kafsten Opitz has been an 

^H^mhui HE^D engineer at the Me- 

^^— ^ - 'm chan^cal Design Divisien 

mM ^ ^ since 1993. He haf^an MS 

r^. ^i degree in camputer science 

^^^ ^^'J f ra m th e Tech r; i ca J U n iver- 

JB^ ^ ^'' ^1 f y ^^ ^ ra u n fi chvwe rg , 

^^w__jr Germany i 1989) and a PhD in 

™™^***^^- ^^ computer science from 
Arii!Dna State University (1992), wiiere his area of 
special I rati on was computer-aided geometnc design 
He was responsible for software development for HP 
FE/SolidDesujner, focus irtg on the genera! kernel and 
blend functionalities. Currently, he is the project 
leader for blend artd chamfer functionality Karsten 
has professional interests in geometnc and solid 
modeling and his publications include six papers on 
computer-aided geometric design, Before joining HP, 
he conducted research on scientific visualization at 
Gesellschafl fur Mathomatrk und Datenverarbeitung, 
in Bonn. He was born in Cloppenhurg, Germany and 
is a member of the ACM and the SIAM. 
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PeterJ.Schild 

Peter Schiid is currently 
working as technical coordi- 
nator for the database into- 
-iW*/" qrr^tron product for HP 
^^ !jj^ ■■■ • HidDesjgner(PE/WQrk' 

M^ \;..: dger for PE/Solid- 

^^^ Designer) at the Merihanical 

''-' ' Design Division, He jomed 

^^'^ HP as an BSD engineer m 

1991 ■_ __ _.. -..-jnsibilityforihe development 
of the miefface between HP PE/SolidDesigner and 
PE/ME3D and developed the first STEP interface for 





PE/SoiidDe signer He was also respDnaible for in- 
fluencing the technical standard^atjon of STEP m the 
FnternaiionaJ standardi ration framework, He parties 
fated as technical representative of HP in iha ESPRIT 
projects CADEX and PRODEX. funded by the Euro- 
pean ComTTiumty. Peter was bom in Weil im Schoen- 
buch, Baden-Wurtternberg. Geonany. He studied 
psychology and computer science at the Universities 
of Tijbingen and Karlsruhe and received hts Dipiom 
Informatiker degree from the University of Karlsruhe 
in 199 L Peter enjoys biking, traveling, coobng: and 
skiing. 

Wolfgang Klemm 

WoUgang Klerrrm has been a 
software engineer at the 
Mechanicaf Design Division 
since 1991 Hr is rurreritly 
responsible for the auto- 
matjc and interactive CDrv 
version of surface models to 
solid morsels His previous 
cantributions include data 
exchange -jsing l^bS rtnd other data exchange inter- 
faces for the HP PE/'SolidDesigner product Wolfgang 
was born in Pforzhejm, Germany and received a 
Dipiom informatJker degree from the Technical 
Universjty of Karlsruhe in 1 9G9. His hol}bies include 
hang gliding, skiing, and astronomy. 

Gerhard J. Walz 

AuLhor'^ biography appears elsewhere in this section. 

Hermann J^ Ruess 

n Hermann fluess was born in 
Oheriaurrngen. Germany and 
was awarded a Diplam Inge- 
nieur in electrical engineer- 
Mig from the University of 
Stuttgart in 1979. After 
g^aduatjog, he jarned HPs 
Bd hi logon Computer Divi- 
sion, developing software- 
supported interactive display hardware for CAD 
applications. This was a cooperative project with HP 
Laboratories that developed a high-resolution laser- 
addressed liquid crystal display technology Later he 
was responsible for development of one of the fitst 
HP CAD systems, HP Draft. Subsequently, with the 
Mechanical Design Division, he was responsible for 
2D link software and developed the Model Interface, 
the standard data interchange format of HP PE/MEl D 
and PE/ME30, which links other a ppti cations to 
P£/ME10and PE^ME30. mcluding HP Pt^Solid- 
Designer, He now serves as a consultant for interna- 
tionally standardized prorluct data exchange. He rep- 
resents HP in the international PRODEX and ProSTEP 
projects and coordinates STEP data exchange wiEh 
other vendors and with PDES Inc. He ftefped coordi- 
nate the development of the HP PE/SolidDesignsF 
STEP interface in cooperation with other major CAD 
vendors He is professionally interested in computer- 
aided technology for engineers and in product data 
integration and has authored papers on open systems 
for CAD data exchange. He is a member of VDI and 
VDE, two German organizations for engineers, and 
served two years in the civil service. Hermann is mar- 
ried, has three children, and has helped organize an 




association itiat sponsors youth activities He's add- 
ing a solar heating system to his home and when he 
has free time enjoys sports such as tennis, volleybalf, 
biking, and hiking. 
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Claus Brad 

Claus Brod was born in 
'/-.''crtheim, Baden -Wurttem- 
; . .-g, Germany, He received 
I Dipfom Informatiker de- 
liRB from the University of 
LMi-ingen-Nuinbery in 1991, 
Folluv»''ing his graduation, he 
joined HP as a software da- 
vclcpment engineer at the 
Mechanical Design OiviSEon and has worked on sev- 
eral releases of the HP PE/SolidOesigner product His 
current responsibilities for the product mclude graph- 
FCS< global i^ation. porting activities, the online help 
server, and the data structure manager, Before joining 
HP, he was a freelance programnr\er and lech meal 
^vriter His professional interests include 3D graphics, 
storage media, and abstract computer games He's 
published nurmerous articles in German computer 
magazines and has written a book about floppy and 
hard disk programming called Sr.ttGib&nklsistsr Glaus 
enjoys shopping at flea markets and garage sales, 
hoping 10 add to his collection of comic books and old 
computers. He plays volleyhall and is a member of 
D.O,N.A.L,D„ a German organization of noncommer- 
cial True Donaldism followers. 

MaxR. Kublin 

A software devefopmeot 
engmeer with the Mechani- 
cal Design Division, Max 
Kublin joined the Efihiingen 
Engineering Operation in 
1 90 7. after receiving his 
cumpuLer science diploma 
I mm the Furtwangen Engi- 
'leenng School. Since jom- 
ing HR he has contributed to the development of 
three CAO sofhA'are products: HP PE/MEl 0. 
PE/ME30, and PE/SolidDesigner He has worked 
mainly on low- 1 eve I coding, operating system inter- 
faces, data structures, memory management, graph- 
ics, and command decoding. He is currently responsi- 
ble for the general system architecture of the 
division's products, for HP PE/SolidDesigrter he was 
responsible far the data structure manager and pro- 
prietary filing subsystem. His professional interests 
include object-oriented analysis and design, C++, 
compilers, pertorma nee tuning, operating systems, 
parallel pracesses, and tault-toleraot systems Bom 
in Konigschaffhausep. Raden-Wurttemberg, 
Germany, Max is married and enjoys bikirtg, hiking, 
photography, aod building Tiffany-st^le lamps and 
mirrors 
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Michael Metzger 



ftobeft J. Annantroui 




MfChael Metzjjer complete 
v/orktr ~ " , fee at 

The Ins' rd 



the HP ■ 



PV 




ts. For Pt'ME I it. fit* was re- 
'j . ■ :; : c math and ha witii ng algorj tin r? _ 

wofi^ed on tne 20 tiidden line module, and was the 
pfQject lead for Bsplme integration For P£/ 
SolidDe^igner, he was responsible for the B-sphne 
litfrarv ISISLfand far special tasks mvolvjng the prad- 
uci's georrfetFic kernel. Micluding variable accuracy 
and partial comcidences. He was also the project 
leader for spline-related issues with external partner 
S3NTET SI, Michael is curremiy the proiect leader for 
[he 3D/20 integration process and fs RSD council 
chairman for the division He has published a paper 
on FORTRAN-SC, a FORTRAN emnsion for scientific 
compulation. Born in Karlsruhe. Germany^ Mjchael is 
married, has five hovs, and enjovs hiking, taking pho- 
tographs, and summers tn Scandinavia, 

Sabine Ersmann 

Sahine Eismann was bom m 
■ H J burg im Breisgau, Ger- 
..anyand received her Di- 
pfom Jnformiattker degree in 
1986 In^m the Furtwangen 
Engineering School. Since 
joining the Mechanscal De- 
sign Division in 19S6. sf^e 
Kas worked on the develop- 
ment of HP PE/ME30 She has also cantributed to the 
development of ihe HP PE/SohdOesigner product 
She worked on 2D functiDnafity incJuding topology 
cheeking for profiles, equidistance, and overdraw, 
She also worked on the machming and lofting func- 
tionaiity of the PE/Sol id Designer kernel and on HP 
PE/SheeiAdvisor. She is currently responsible for 
freefcirm modeimg and machining functirjnality 
Sabine IS niarned and enjoys ballroom dancing and 
li iking. 

69 Embedded Lisp 



Jens Kilian 

Jens Kilian received a 
" ::ilom Inlormatiker degree 
'991 from the Technical 
university of Darmstadt 
Germany He jorned HP in 
1&92 as a software develop- 
ment engineer at the 
Mechanical Design Oi vision' 
and has cantributed te the 
deveJopment ul dte HP PE/SolidDesigner product. He 
has worked on licensing, m stall at ion fjrocedures, the 
ftJe system user interface, and the Usp subsystem. 
He contitiues to be responstble for maintaining tiie 
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Heinz- Peter Amdt 

(^^^■^•^^■^ " since 13S3. Hern: 

0„:_ -i.'iidt IS a software 
development engineer at Ifie 
.^_ Mechanical Design Division 

For the HP PE/SoiidDesigner 
nfodud he worked on the 
jsp subsystem, the operat- 
ing system interface, and 
action routines He has also 
worked on HP PE^MEIO kerne) development and is 
currently responsible for porting PL'Sol id Designer to 
SGI and Sun platforms and mamTammg the Lisp sub- 
system, the operating system interface, and the pro- 
gramming environment He was tram in Stuttgart, 
Germiny, studied computer science at the University 
of Stuttgart and received bis degree m 1983 Hemz is 
professionally interested in artificial intelltgence. 
object oriented programming larrguages. and compil- 
ers. He is married, has two children, and enjoys 
spending time with his famiJy His other pastimes 
include reading, traveling, tennis, and biking 
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Peter H. Ernst 

f ^^^tajlL ^ systems architect at the 

I -^^^^^k Mechanical Design Division, 

' ^^PP^^ Peter Errist ts re spons ible for 

jV ^ topofogical algorithms and 

^ ■"' overall system arch ftectu re 

iL ^^ He began his HP career in 

^^ ^ ^H 193BattheBdblingen£ngi' 
WF ^^ ^^H neering Dperation, He is 

^* ^^ prnfBssinnaHy tnterested in 

soird n ■ I Ins accomplishments include mv 

hanciiuj iht HP PE/ME30 kernel and designmg and 
impJemeniing the K2 kernel at HP PE/SolidDessgner 
He was also responsible for PB^SolidOesigner's sys 
tern archiiecture and for new Boolean operations. 
Before ]oining HR be developed single-mode semi- 
ccinductOT lasers at Siemens and real-time process 
control software at an engineering firm His work has 
re suited m a pending patent related to methods of 
perform ing Boolean operations Peter w^is born in 
Munich, Germanv and served a year and a half in the 
German infantry. He graduated in 1904 from the 
Ludwig-Mai^imilian University of Munich, witb a 
Dip to ma in physics, special i2ing in laser spectros- 
copy He is married and enjoys biking. 
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proOL.. ■ : ■ :; engineer to ■ :'\ 

lar Measufatieiii System. i^!,MSJ He tMeri 
f?&D as a deveiopment engineer for ATE so- 
and later, beccime project manager for ihB HP Sbfl&sA 
signal monitoring software He was tfie project man- 
ager for the HP 7D9t 1 A IF module and for the HP 
713lDAwfde-b3ndwidth receiver Before commg to 
HP, he designed radar recofvers at Westmgbouse 
Aerospace in Baltimore. MafyEaod Bob graduated 
from the University of Michigan with a BSEE degree 
in 1976. with emphasis on circuit design and commu- 
nications. He is professionally interested m RF and 
microwave communications and is a nr>ember of il^e 
IEEE Bom in Battle Creek, MfChigan, he served four 
years m the U.S. Air Force He is married and his bob- 
bies include leading, racf^uetball, golf, and skiing, 
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Robert J^ Armantroui 

Author'!^ biugrspby appears elsewhere in ibis section 

Tfirrence R. Noe 

Terry Noe was born in 
Lafayette, indtana He was 
awarded a BSEE degree 
■^om Virgmia PolytecbrT^c 
institute in 1986 and an 
MSEE degree tram Stanford 
University in 19B9. He joined 
the HP Stanford Park Divi- 
sion in 1985 As a produc- 
tion engineer, he worked on microwave signal gener- 
stors sucb as the HP 8S73 and on HP Modttlar 
Measurement System j MM S) spectrum analyzers As 
an R&D engineer, be worked on the HP 83710 series 
signal generetars He also worked on the HP 70911 A 
If module and designed the boards for the FM dis- 
criminator, ('fl video, linear detector, and video filter 
He IS currently designing a 3-GH2 preselected down- 
converter His work has resulted in a patent Tefry is a 
member of the IEEE and is interested in RF and micro- 
wave circyit design, He is married and is the father of 
triplets. When he has time, he enjoys outdoor activi- 
ties such as windsurfing, bicycling, and backpacking. 
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Clirislophei £. Stt^vjart 

Chris Stewart joined the 
SiyiiBl Ar\a[ysis Oiviamn in 
1985. He has worked tur the 
I'-^taL^^tt^ 3 a nta Ro sa System s D i vi - 
r^V ^^H ^'"^ ^^"^^^ '^^ creation in 
199Z. Aso manufacturing 
I'Jeveloprrient engineer, he 
worked on the HP /Dg02A 
and HP 70903A IF modutes 
. r Eriyineen lie worked on the 
HP 701 \\jA LiPvIM module, the HP 7D9D0B LO moduk. 
the tracking generator kM the HP 8578A. and the HP 
70911 A IF modyje. He designed the 1-MHz-to- 
lO'MH^ variabfe- bandwidth filtej" bs an utvesLgation 
for the HP 7031 1 A !F module anrt worked on the 
channel fjker board and the power supply board He 
currently has system design respansitiNiiy un a re- 
ceiver pfoiect as weil as the design of the down ■con- 
verter and first LO boards He is interested m system 
design of RF and macro wave communication prod- 
ucts, as welt as analog, RF. and mtcrowave crrcuJl 
design. He has authored two HP papers on clock dith- 
ering and spectrum analyzer Jm ear it/. He is a member 
oi the ARRL and before coming lo HP. he was a com- 
mercial radie engineer for Wf^CI radio in Columbus. 
Ohio He was aiso the chief engineer far WATH/ 
WXTQ radio in Athens. Ohio He earned his BSEE 
degree from Ohio State University in 19B4. He enjoys 
volunteering his time teacfiing an interactive elec- 
tronics class at a local high school. His hobbies, in 
addition to amateur red to, inclurle scuba diving, 
white-water rafting, backpacking, skiing, mountain 
hikmg. snng wnting, and folk gmtar, 




Leonard fVI, Weher 

Leonard Weber joii^d the 
HP Stgnaf Analysis Division 
in 1986 after receiving a BS 
degree in electronic engi- 

VI ^i* ^^^ oeering from the California 
y ^^ J' Polytechnic State UniveFsity 
' - ^^ at San Luis Dhispo, and is 

now with tfse Santa Rosa 
Systems Divssion. Since jom- 
ing HP. he has worked on the HP 7Q9O0B local oscilla- 
tor and the HP 70909 A front end module He has also 
worked on the HP 709f 1 A If module and was respon- 
sible for the design of several of the boards rnckidmg 
the resolution handwirfth/step-gain, 321 4-MHz LO, 
bandpass fitter, artd synthesizetf down 'Converter 
boards. He is currently responsible tor the 1 0-MHj- 
tD-lQOO-IVlHz preselector and the 1?0Q-1V1 Hz synthe- 
sized 10 He IS mteresled m RF design and his work 
has resulted m a pater^t application for a variable- 
bandwtdth filter. Leonard is married and enjoys 
mountain biking and snow skiing, Hb is also inter- 
ested m drone aircraft, 
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John J. Casstdy, Jr. 

^^^^ Born in Port Hueneme/ 

^/ftfH^ California, Jack Cassidy 
^^^ ^ received a BA degree m 
^^S!^ *?"" mathematics from Cornell 
>. U n fve rs ity I n 1 97 1 He j ined 

* ^ ' HP in 1987 at the San Diego 

^ Division and is now with the 

Vf SanOiegoPrinterOivision 

^ He has worked on Slarship 

reusable HP-GL/2 and the HP DesignJet plotter and 
served as project rraanager for the HP DestgnJet 600 
firmware and for several connectivity projects. He 
was the firmware manager for the HP DeskJet 160DC 
printer Jack is narfred as an inventor in a patent that 
addresses rechnfquas for using lesii myinoiy in 
graphrcs printer display Jrsts. Before joimrig HP. he 
was au independent software d eve Id per, and before 
that, was with S-Cubed Corporatino, where he pro- 
grammed NASA spacecraft simulations that dealt 
with electrical charge accumulation He has written 
various software packages, authored a paper on soft- 
ware reuse, coauthored a paper on spacecraft charg- 
ing, produced and directed a computer animated film, 
authored a user's manual, and written varipus literary 
short stories. He is professionally interested in soft- 
ware reuse and testjrtg. Jack is married to mystery 
writer Janice Steinberg. In his free tlrne, he likes to 
play poker and backgammon, has written a book, 
Winmg m Poker and Gafnes of Chance, and was 
nnce a winner un a TV game show. 
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